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^ . ABSTRACT 

^ . An atlas of ifg-band images of 206 early-type galaxies is presented, includ- 

■ ing 160 SO-SO/a galaxies, 12 ellipticals, and 33 Sa galaxies (+ one later type). 

A majority of the Atlas galaxies belong to a magnitude-limited (mB^12.5 
mag) sample of 185 NIRSOS (Near-IR SO galaxy Survey) galaxies. To as- 
sure that mis-classified SOs are not omitted, 25 ellipticals from RC3 classified 
as SOs in the Carnegie Atlas were included in the sample. The observations 
were carried out using 3-4 m class telescopes with sub-arcsecond pixel resolu- 
tion 0.25"), and were obtained in good seeing conditions (FWHM ^ 1"). 
The images are 2-3 mag deeper than 2MASS images, allowing the detection 
of faint outer disks in SOs. Both visual and photo metric classifications ar e 



made, largely following the classification criteria of Ide VaucouleursI (|1959f ). 
Special attention is paid to the classification of lenses, which are coded in 
a more systematic manner than in any of the previous studies. A new lens- 
type, called a 'barlens', is introduced, possibly forming part of the bar itself. 
Also, boxy/peanut/x-shaped structures are identified in many barred galaxies, 
even-though the galaxies are not seen in edge-on view, indicating that vertical 
thickening is not enough to explain these structures, indicating that vertical 
thickening is not enough to explain them. Photometric classification includes 
detection of exponential outer disks or other structures not directly visible 
in the images, but becoming clear in unsharp masking or residual images in 
decompositions. In our photometric classification, nuclear bars are assigned 
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for 15 galaxies, which are overshadowed by bulges in visual classification. The 
mean Hubble stage is found to be similar in the near-IR and in the optical. We 
give dimensions of structure components, and radial profiles of the position 
angles and ellipticities, and show deviations from perfect elliptical isophotes. 
Shells and ripples, generally assumed to be manifestations of recent mergers, 
are detected only in 6 galaxies. However, multiple lenses appear in as much as 
25% of the Atlas galaxies, which is a challenge to the hierarchical evolutionary 
picture of galaxies. Such models need to explain how the lenses were formed, 
and then survived in multiple merger events that galaxies may have suffered 
during their lifetimes. 

Key words: galaxies: elliptical and lenticular - galaxies: evolution - galaxies: 
structure - galaxies: individual 



1 INTRODUCTION 

In the early classification by iHubbld (Il936l ). the SOs were an enigmatic group of galaxies 
between the ellipticals and the early-type spirals, and since then they have been subject to 
many kinds of interpretations. The classification of SOs depends on recognizing the presence 
of a disk, but having no spiral arms. The interface betwe en E and SO g alaxies was somewhat 



obscured by the detection of boxy and disky ellipticals ([Bender 



19881 ). based on deviations 



of the outer isophotes from simple elliptical shape. Kinematic observations by Dressier & 
Sandage (1983) had already shown earlier that the lower luminosity ellipticals are more rota- 
tionally supported than the bright ellipticals. Bender et al. (1989) then discovered that both 
galaxy luminosity and the degree of rotational support correlate with the isophotal shapes 
of the elliptical galaxies. A similar sequence of increasing domi nance of rotational suppor t 
towards the lower- luminosity galaxies was found also for the SOs ( iDressler &: Sandagelll983[ ). 
However, as the amount of rotation is significantly larger in SOs, this kinematically links the 
SOs to the spiral galaxies. All this caused some early-type galaxy observers to question the 
morphological classification of SOs, an attitude which culminated in 1990 when King (1992) 
and Djorgovski (1992) announced that the Hubble sequence was breaking down, and should 
be replaced by a classification based on measured physical parameters. Despite the early 
discovery of SOs, new kinematic observations h ave put them once aga in at the forefront of 



research. Recent IFU-kinematic observations by 



Emsellem at al. 



(120071 ) have shown that the 
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fast rotators are morphologically assigned to a mix of E and SO galaxies, which leads to 
further questions about the meaning of their morphological classification. 

On the other hand, there are morphological structures in SOs which can be connected 
successfully to real djTiamical processes. Inner, outer and nuclear rings can be either bar- 
induced resonance rings, or accretion rings related to accumulation of external gas into 
the galactic disks (see review by Buta 2011). Recently new theories of ring formation have 
also been p resented, like the "manifold orbits" emanating from La grangian points in barred 



potentials ( jRomero- Gomez et al 



2006 



such as shells, ripples (IMalin fc Carter 



Athanassoula et al. 



20101) • Merger-built structures 



1980l ) and polar rings (Schweizer et al. 1983; in 2% of 



SOs) appear in SO galaxies, but they are not very common. The first attempt to include bar 
m orphology, e . g., bo xy, peanut or x-shaped structures into galaxy classification was made 



by 



Buta et al. 



( 120101 ). Bar morphology is an important characteristic of galaxy morphology. 



which in theoretical models has been associated with secular dynamical evolution of galaxies 



(lAthanassoula &: Misioritis 



2002 



Athanassoula 



20031). 



Lenses formed part of the early classification scheme of SOs (lSandag^[l961l : iSandage fc Tammann 



19811), but were not initially assigned any class ificati on symbols. Inner and o uter lenses in 

mO% showed that 



Laurikainen et al. 



barred SOs were discussed by iKormendyl (jl979l ). and 
a large majority of SOs, both barred and non-barred, have lenses. Moreover, some SOs have 
complicated multi-lens systems, which have not yet been theoretically explained. Overall, 



the origi n of lenses i s not well understood: they can 



process (jBosmalll983l ). be triggered by bars (iKormendyl Il979l ) . or by the accretion of small 



orm a s part of the disk formation 



companions. In fact, lenses and other fine-structures of SOs might be important imprints of 
possible secular evolution of galaxies. The only major galaxy atlas that recognizes lenses in 
the classification is the de Vaucouleurs Atlas of Galaxies (Buta et al. 2007; hereafter dVA). 

In this paper we present the NIRSOS (Near-IR SO galaxy Survey) atlas in the i^s-band, 
and use it for detailed morphological classification. To our knowledge, this is the first attempt 
of detailed classification of SOs using deep near-IR images. The 2.2 fim wavelength used 
traces the old stellar population of galaxies and is relatively free of internal extinction, 
which makes it ideal for the classification of structures. The sample was selected from the 
Third Reference Catalogue of Bright Galaxies (de Vaucouleurs et al. 1991; hereafter RC3). 
In order to study the interfaces of SOs with ellipticals and spirals, Sa galaxies in RC3, and 
those ellipticals classified as SOs in the Revised Shapley-Ames Catalogue of Bright Galaxies 
(Sandage & Tammann 1981; RSA), were also included in the sample. Our images are several 
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magnitudes deeper than the images in the Two-Micron All-Sky Survey (2MASS, Skrutskie et 
al. 2006), which is the largest near-IR survey obtained previously. Two large mid-IR galaxy 
surveys using the Spitzer Space Telescope are the Spitzer Infrared Nearby Galaxies Survey 
(SINGS; Kennicutt et al. 2003), and the Local Volume Legacy project (LVL; Kennicutt et 
al. 2007), both providing deep images at 3.6 fim. However, these surveys contain only a few 
SOs. A more comprehensive nearby galaxy survey is the Spitzer Survey of Stellar Structure 
in galaxies (S^G; Sheth et al. 2010), which consists of 2331 nearby galaxies. This survey 
exceeds the image depth of NIRSOS, but NIRSOS is more complete in respect of the SOs, 
and the pixel resolution is higher than in S^G. 

The NIRSOS atlas consists of images of 206 galaxies, a sample which, after our revised 
classification, has 12 ellipticals, 160 SO-SO/a, and 33 Sa galaxies. Section 2 describes the 
sample and observations, data reductions are explained in Section 3, and the image atlas 
in Section 4. Visual and photometric classifications are presented, starting from the de 
Vaucouleurs' (1959) classification criteria, but going beyond that in classifying the detail of 
structures (Section 5). The dimensions of the structure components are given in Section 6, 
and the radial profiles of the position angles, ellipticities, and of the parameter 64, describing 
deviations from perfect ellipticity of the isophotal contours, are shown in the Atlas (Fig. 5). 
In this paper, the image Atlas is presented, whereas the number statistics and more thorough 
discussion of the structure components will appear in forthcoming papers. 

We find that multiple lenses are common in SOs, appearing even in 25% of the At- 
las galaxies. However, shells or ripples were detected only in 6 galaxies. Of the 25 RC3 
ellipticals in our original sample, 7 were re-classified as SOs by us. Bars and bulges i n sub - 



samples of NIRSOS hav e been 



Laurikainen et al. 



Laurikainen et al. 



2006 



2007 



previ ously discussed 



20091) and 



But a et al. 



Laurikainen. Salo &: Butal (l2005[ l; 



( 120061 ) ■ the properties of bu lges by 



(120101) . and the distribution of bar strengths by iButa et al.l (I2010l ). 



2 SAMPLE AND OBSERVATIONS 

We have carried out a large, magnitude-limited imaging survey, the Near-IR SO galaxy Survey 
(NIRSOS) in the nearby Universe. The sample selection criteria are as follows: morphological 
type —3 ^ T ^ 1, total magnitude of -Bt ^ 12.5 mag, and inclination less than 65". Applying 
these criteria to RC3, and including also 25 ellipticals (including late-type E"*") classified as 
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SOs in RSA, yields a sample of 185 galaxies (marked with an asterisk in Table 3)13 These 
ellipticals were included, in order not to miss any potentially misclassified SOs. The sample 
includes 30 additional galaxies not fulfilling the original selection criteria, mostly SO-Sa 
galaxies which slightly exceed the magnitude limit, or in some cases the inclination limit. 
These galaxies were observed when it was not possible to observe the primary targets, due 
to unsuitable wind direction, or because no primary targets were visible. Including these 
galaxies yields a sample of 215 galaxies. In total, after our re-classifications, the full sample 
includes 13 ellipticals, 139 SOs, 30 SO/a galaxies, 33 Sa galaxies and one later- type spiral. 
The selection criteria in our magnitude-limited NIRSOS sample are similar to those in the 
Ohio State University Bright Spiral Galaxy Survey (Eskridge et al. 2002; OSUBSGS), but 
going half a magnitude deeper. 

The observations were carried out during the period 2003-2009 using various ground- 
based telescopes in the two hemispheres, with sizes between 2.5-4.2 m. The observing cam- 
paigns are shown in Table 1, listing the pixel scale and field of view (FOV) of the tele- 
scope/instrument setup used. The telescopes used were the 2.5m Nordic Optical telescope 
(NOT, La Palma) using NOTCam, the 3.6m New Technology Telescope (NTT, ESO) us- 
ing SOFI, the 4.2m William Herschel Telescope (WHT, La Palma) using LIRIS, the 3.6m 
Telescopio Nazionale Galileo (TNG, La Palma) using NIGS, the 2.1m telescope at Kitt 
Peak National Observatory using Flamingos, and the 4m telescope at Gerro Tololo Inter- 
American observatory (GTIO, Ghile). Most of the galaxies fitted in the typical 4-5 arcmin 
FOV, whereas for the largest galaxies the 19.5' FOV of Flamingos was used. The total on- 
source integration time was 1800-2400 sec, taken in exposures of 3-30 sec, depending on 
galaxy brightness and telescope/instrument setup. Owing to the high sky brightness in the 
near-IR, and because the galaxies typically occupied a large fraction of the FOV, an equal 
amount of time was spent on the target and on the sky. The target and the sky fields were 
alternated after every 1-2 minutes using a dithering box of 20" for the target. Either sky 
or dome fiatfields were obtained, depending on what was recommended at each telescope. 
The seeing conditions were generally good (see Table 2), the full width at half maximum 
(FWHM) being typically around 1". Seeing was worst at KPNO (for 10 galaxies) where 
FWHM was between 2-3" , whereas at the NTT the FWHM was below 1" for most of the 



^ Our current NIRSOS sample differs from that specified by iLaurikainen. Salo fc Butal 1 20051 ) and iButa et alj 1 20061 ) in that 
we use _Bt or the photographic value me, or the average of these two when both are available. This was done to eliminate 
contamination of the original sample by total V magnitudes in RC3, which occupy the same column as iJ-p in that catalogue. 
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time (57 galaxies). As the flux calibrations were done using 2MASS images, flux calibration 
standards were observed only occasionally. 

In total, 206 galaxies were observed, including 172 galaxies of the magnitude-limited 
sample of 185 galaxies. Of the non-observed 13 galaxies, ESO 137-34 is most probably a 
distant galaxy having two bright stars in the field. Two of the late-type ellipticals (NGC 
147 and NGC 185) appeared to be dwarf galaxies, and NGC 404 could not be observed 
due to the bright star in the immediate vicinity of the galaxy. NGC 205, NGC 1808 and 
NGC 5128 were too large to be observed with our typical FOV, and at Kitt Peak these 
galaxies were not visible during the period when time was allocated. IC 5250/5250A is an 
advanced merger and therefore not useful for our analysis. Four of the galaxies, NGC 1291, 
NGC 1316, NGC 1546 and NGC 1947, were not observed because of a lack of observing 
time. However, for NGC 1291 and NGC 1316 SINGS Spitzer Space Telescope images at 3.6 
fim are available (Kennicutt 2003). In conclusion, in our magnitude-limited sample there are 
only five galaxies of interest (NGC 205, NGC 1808, NGC 5128, NGC 1546 and NGC 1947) 
for which we lack NIR observations. Of these NGC 205 is a low surface brightness galaxy, 
most probably an SO with a central lens. NGC 1808 is a dusty Sa-type spiral, whereas NGC 
5128, NGC 1546 and NGC 1947 have strong dust lanes in a nearly featureless spheroidal 
component, and are classified as T=— 2, —1 and —3, respectively. Of the SO-SO/a galaxies in 
the magnitude-limited sample observations for only four galaxies are missing, which means 
that the completeness of our observations is 98%. 

3 DATA REDUCTION 
3.1 Combining the images 

The images were combined using IRAF routines 1^. The main reduction steps consisted of 
subtracting the sky from each science image, fiatfielding the difference image, combining the 
images after correcting the shifts between the images, and fine-turning the sky subtraction. 
The sky images taken immediately before and after the target observation generally worked 
best for the sky subtraction. For fiatfielding normalized master flat-fields were used, made as 
an average of the differences of high and low ADU- level images (ADU=digital counts). In the 
dome flats obtained at the NTT, scattered light sometimes produced a shade pattern which 



^ IRAF is distributed by the National Optical Astronomy Observatories, which are operated by AURA, Inc., under cooperative 
agreement with the National Science Foundation. 
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was corrected using the correction frames offered by ESO. While combining the images a 3 
sigma chpping factor was used to reduce the noise. The images obtained at the WHT, TNG 
and NTT showed "crosstalk", appearing as vertical or horizontal stripes in the images. 
For the ESO/NTT images the script crosstalk. cl (available at ESO) corrected the stripes 
effectively. For the WHT images this problem was more severe, and the stripes were corrected 
manually using the IRAF routines IMCOPY and BACKGROUND. For some of the galaxies 
bad lines/columns and sky gradients were also corrected. Foreground stars were removed 
using the DAOPHOT package in IRAF, and the cleaning was completed with the IMEDIT 
routine. The images were transposed to have north up and west to the right. 



3.2 Flux calibrations 

Flux calibrations were done using the Kg aperture photometry of galaxies given in 2MAS^. 
We write 



H = -2.5 logio F/pix'^ + /io, 

where /i is the surface brightness in units of mag arcsec"^, F is the flux in digital units 
(normalized to 1 second), pix is the pixel size in arcsecs, and fiQ is the magnitude zeropoint. 
After sky background subtraction and removal of foreground stars, the total flux within a 14 
arcsec (diameter) circular aperture around the galaxy center was measured, and compared 
to the corresponding 2MASS aperture magnitude, mi4, available via NED. The zeropoint 
/io was calculated from the equation 



yUo = mu + 2.51ogio( Yl ^»)' 

r,<7" 

where n is the distance from the galaxy center. In the calculation of the total flux inside 
the aperture, bilinear interpolation was used for the pixels falling on the aperture border. 
Also, the images were first degraded to have the same seeing as the 2MASS images, to 
compensate for the possible leaking of light in the original 2MASS aperture measurements. 
We thus applied a convolution with a Gaussian PSF with 



^ 2MASS is a joint project of the University of Massachusetts and the Infrared Processing and Analysis Center/California 
Institute of Technology, funded by the National Aeronautics and Space Administration and the National Science Foundation. 
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FWHMeonv = 7(2.5")2-FWHM2, 

where FWHM corresponds to the original NIRSOS image, and 2.5" is the typical value 
for 2MASS images. In practice, the uncertainties in the photometric zeropoint due to sky 
subtraction, centering of the aperture, or the applied bilinear interpolation are all negligible 
(<0.001 mag). Likewise, the effect of different FWHM's is quite small (<0.02 mag), and 
thus the formal error of our zeropoints corresponds to the accuracy of the 2MASS absolute 
calibration, ~ 2-3% (Jarrett et al. 2000). 

As an additional check, and to minimize possible human errors (e.g., use of wrong image, 
wrong centering, pixel size etc.), we also used the 2MASS ^20 and fcext magnitudes to check 
the consistency of our zeropoint calibration. These quantities were loaded from NASA/IPAC 
infrared science archive (IRSA) via GATOR: is the total magnitude inside /ifc=20 mag 
isophotal ellipse, and k^xt is the extrapolated total magnitude. IRSA lists the isophotal radius 
«A;20; positiou angle 0^20 and axial ratio {b/a)k2o, and the radius r^xt corresponding to /Cext 
(isophotal orientation and shape are the same as for /c2o)- 

Figure [1] displays a typical example of flux calibration (similar plots for all galaxies are 
available at the NIRSOS website), displaying the cumulative magnitudes using both circular 
(left) and elliptical (right) apertures. Also shown are the NIRSOS images: on the left the 
cleaned image, convolved to FWHM=2.5", and in the right the original image before removal 
of foreground stars. The elliptical aperture plot includes cumulative magnitudes from both 
the cleaned (black line) and the original image (red dashed line), to illustrate the possible 
effect of individual bright stars. As described above, the circular aperture growth curve is 
adjusted to go exactly through the mu point at r=7", while the elliptical aperture fluxes 
measured at rk2o and Text usually deviate slightly from the tabulated /C20 and fcext- We use the 
deviations of these quantities to control the possible inaccuracy of the flux calibration, and 
list them in Table 2 for each galaxy. Note that even large deviations do not indicate errors 
in our calibration, based solely on the mi4 aperture magnitude: in some cases the deviations 
are connected to bright stars near the galaxy, or to the presence of a nearby galaxy. For a few 
cases, where rehable background subtraction was difficult due to the small FOV compared 
to the galaxy size, we made small adjustments to the sky background based on matching 
the 2MASS k2o value. 

In case 2MASS data was not available (NGC 1161), or when there were reasons to believe 
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that the above cahbration is not rehable (interacting systems), we adopted the average 
zeropoint value derived for the NIRSOS observing run in question (see Fig. |2]). For some 
interacting pairs the difference in /xq, compared to that obtained directly from the 2MASS 
mi4 calibration, is less than 0.1 magnitudes (NGC 2292/2293, NGC 4105/4106), but in some 
cases the difference is larger (NGC 5353/5354, NGC 5636, NGC 6438). For NGC 4474, for 
which the 2MASS values mi4, /c2o, and /Cext are mutually inconsistent, the 2MASS calibration 
was not used. 

For comparison, standard s tars were obse r yed d uring one campaign, at the NTT in 2004. 



Flux calibration standards of 



Persson et al. 



(119981 ) were used: 10 standards at each night 
were observed, using an observing block where the star was integrated in the four corners 
of the frame. The images were combined in a similar manner as the science images. Using 
the standard star measurements the following zero-points and extinction coefficients were 
obtained for the three nights: 

K, = ks + 22.399±0.072 - 0.062±0.061 X (first night) 
K, = k, + 22.350±0.036 - 0.020±0.029 X (second night) 
K, = k, + 22.392±0.041 - 0.065±0.03 X (third night), 
where Kg is the total magnitude in the photometric system, ks = — 2.5 logio(Z] -^j,siar) is the 
instrumental magnitude of the star, and X is the airmass. The zero-points and extinction 
coefficients are very similar for the first and the third nights, which were photometric. 
Comparison with the 2MASS-based calibration (Fig. |3]) shows very good agreement: at 
most there is a marginal 0.02 magnitude systematic shift, which, however, is comparable 
to the internal scatter of the two sets of calibrations. Without the convolution to FWHM 
= 2.5", the systematic difference would be clear, about 0.04 mags. Based on this observing 
campaign, we estimate that any possible systematic error in /iq introduced by using the 
2MASS-based calibration is less than 0.05 magnitudes. 

The NIRSOS images are deep: Table 2 lists the 1-sigma sky deviation per square arcsec, 
calculated from 



o"sky = -2.51ogio(AFsky/pzx) + Ho, 

where AFsky is the sky rms-variation, obtained by measuring it at several locations outside 
the galaxy. Depending on the telescope, exposure time and sky conditions, the values range 
from 21 to 23 mag arcsec"^, with mean < cisky >~ 22.2 mag arcsec"^. However, the az- 
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imuthally averaged surface brightness profiles are more illustrative than crgky fo show the 
real image depth, extending to 23-24 mag arcsec"^, depending on the galaxy. A typical ex- 
ample is shown in Figure H] for NGC 584 (with crsky=21.8 mag arcsec"^), with profiles from 
the 2MASS Atlas image (Jarrett et al. 2000) and from the SINGS survey 3.6 micron image 
(Kennicutt 2003) overlaid for comparison. For NGC 584 the useful NIRSOS profile {Afi ^ 
0.2) extends to about 23.5 mag arcsec"^, or 2-3 magnitudes deeper than 2MASS. Allowing 
for the difference in the band and magnitude system, it is only about 2 mag shallower than 
the deep S'^^zteer image (see the insert in Figure H]). In 5-magnitudes, 23.5 mag arcsec"^ in 
the Kg-hand translates roughly to a surface brightness of 27.5 mag arcsec"^. However, not all 
of the galaxies in our sample are visible at this surface brightness level, for-instance because 
the FOV is too small, the galaxies are strongly interacting, or in a very few cases because 
the sky background is not stable enough, in which case the sky gradients limit the useful 
image depth. In radial extent our example galaxy is 1.4-1.6 times larger than the 2MASS 
image, and 0.8 times of the extent of the SINGS image. 

4 THE IMAGE ATLAS 
4.1 The Atlas images 

The flux-calibrated image Atlas is shown in Figure 5. Examples of atlas images are shown 
for the galaxies discussed in the text, whereas the complete Atlas is available in Supporting 
information with the online version of the article. The images are shown in logarithmic form, 
in units of mag arcsec"^, maintaining the full pixel resolution (upper panel). The magnitude 
range is given in the right hand bar, which is selected individually for each galaxy so that 
the full scale of structures is visible. In order not to add any artifacts due to bad foreground 
star removal, the images before star removal are shown. Our visual and photometric (in 
brackets) classifications (see Section 5) are marked in the figures. A drawback of this layout 
is that it does not give full justice to the real image depth, failing to show the faint outer 
regions. 

These faint outer structures are shown in one of the small panels, where rebinned images 
cleaned of foreground stars are shown. The galaxies are shown in many different radial 
and brightness scales, the number of frames depending on the complexity of a galaxy's 
morphology. In some of the galaxies faint bars, lenses or dust lanes are overshadowed by 
prominent bulges. These components were made visible using 2D multi-component structural 
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decompositions previously given for the Atlas galaxies by Laurikainen et al. (2010): the 
bulge model was subtracted from the original image leaving the faint structures visible in 
the residual images. Alternatively, unsharp masked images are shown. They were created 
by smoothing the images by 5-20 pixels, and then subtracting smoothed images from the 
original images. The upper left small panel shows the image rebinned by a factor that best 
demonstrates the faint outer structure of the galaxy, whereas the lower right panel generally 
shows either the residual image or the unsharp masked image. In such cases a text "bsub" 
or "unsharp" is overlayed on the image. The detected faint structures form part of our 
photometric classification. 



4.2 Ellipse fitting 

The atlas figures show also isophotal analysis results, which consist of fitting elliptical 
isophotes to the images using the ellipse routine in IR AF. This routine u ses a technique 



in which Fourier series are fitted to concentric isophotes (jJedrzejewski 



19871) • The quality of 



the fit is evaluated by inspecting the one-dimensional brightness distribution as a function 
of position angle, so that the harmonic content of this distribution is analyzed. The fourth 
order coefficient 64 of the best fit Fourier series then measures the isophote's deviations from 
perfect ellipticity. We calculate the radial profiles of the position angle PA, the ellipticity e 
= 1-q (where q=b/a is the minor-to- major axis ratio), and the parameter M. Non-rebinned 
images were used and the center was fixed to the value estimated by the IMCNTR routine in 
IRAF. Logarithmic radial spacing was used along semi-major axis while fitting the elliptical 
isophotes. In order to minimize the effects of noise and contamination by bad pixels and 
cosmic rays, deviant pixels above 3 a were rejected. 

The surface brightness profiles and the radial profiles of PA, e and 64 are shown in 
Figure 5. The full green vertical line shows r2o, which is the 2MASS isophotal radius of 
the 20 mag arcsec"^ contour in i^g-band. The radius is marked with a black ellipse in 
the upper left panel, using 2MASS position angle (f)k2o and axis ratio (6/a)fc2o- The dashed 
vertical lines show the radii of the bars in our classification (see Section 5). In some cases 
the r2o isophotal orientations from 2MASS deviate from the orientations in our images. This 
is because for these galaxies the 2MASS images trace only the inner components of the 
galaxies, the outermost components detected by us having different orientations. 
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5 MORPHOLOGICAL CLASSIFICATION 



5.1 Brief history 

The identification of SOs traces back to 



LundmarkI (119261 ) and iReynolda (Il927l ) , who rec- 



ognized a group of amorphous galaxies without any sign of spiral arms, a group of galax- 
ies which form the modern class of E+SO galaxies. Early-type galaxies were seen as a se- 
quence of increasing flattening towards later types. In Realm of the Nebulae Hubble (1936) 
described hypothetical SOs which, based on Bubble's notes, Sandage (1961) included in 
the Hubble sequence as transition types between the ellipticals and the spirals. As a real 
physical scenario this idea was abandoned when it was found that SOs have a similar flat- 
tening distribution as spirals, whi ch clearly deviates from that for the elliptical galaxies 
( jSandage. Freeman fc Stoked Il970l ). 

De Vaucouleurs (1959) further reflned the Hubble/ Sandage classiflcation by adding the 
stage (SO", S0°, SO'^) , family (A, AB, B), and variety (s, r), as well as the outer ring/pseudoring 
designation to the SO class. Concerning spiral arms, he was less restrictive in the sense that 
the (r) and (s) varieties were carried even into the earliest SO classifi cation, called S0~, al- 



thoug h such cases are diflicult to recognize. In the classiflcation by ISandage fc Tammann 



( 1l98ll ) the stage was given in a similar manner as in de Vaucouleurs' classiflcation, only 
different symbols were used (SOi, SO2, SO3). They also added flattening of a g alax y into 
their coding. Outer ring classiflcation was flne-tuned by iButa fc Crocker! (119911 ) and iButa 



( 119951 ). The morpholog y of bars in t e rms o f boxy /peanut /x-shaped structures were included 

( I2OIOI ) for 200 galaxies using Spitzer mid-infrared im- 



Buta et al. 



in the classiflcation by 
ages (S'^G; Sheth et al. 2010). Buta et al. also suggested a notation 'nb' for nuclear bars, 
and 'nr' for nuclear rings. Kine matic observations for edge-on galaxies (iKuijken &: Merrifleld 



1995 



Bureau fc Freeman 



19991 ) have shown that boxy/peanut /x-shaped structures are inner 
le classiflca t ion o f SOs they were not coded into 



Kormendyl (119791 ) suggested a codir ig where '1 



parts of bars. Although lenses form part of t 
the morphological classiflcation. For lenses, 
stands for an inner, and 'L' for an outer lens (as used in the dVA), whereas 
( I2OIOI ) suggested a notion 'nl' for nuclear lenses. 



Buta et al. 



The classiflcation has been developed a. 
evolution. That was already the case when 



ong w i th ne w ideas of galaxy formation and 



Baadd (119631 ) suggested that SOs are s t ripped 



spirals formed in galaxy interactions. The idea was developed by 



van den Berghl (119761 ) 



leading to a classiflcation where the SOs form a sequence from early- to late-types, similar 
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to that used for the spirals (SOq, SO^, SOc). It was based on the supposition that there may 
exist anemic SOs, which have similar surface brightness distributions as the Sa, Sb and Sc- 
type spirals. In this scen ario, also small low l umin osity bulges are expected among SOs. The 
hypothesis was tested by ISandage fc Bedkd (119941 ) for 200 bright SOs, but no such SOs were 
found. However, multi-component structure analysis has cast new light on this approach (see 



Lauri 



Buta fc Block 



iainen et al. 2010). A dust-penetrated classification was suggested by 
200ll ). where a bar- induced torque forms part of the classification. This was based on the 
idea that bars are a driving force of secular evolution, thus modifying galaxy morphology. 

Early-type disk galaxies typically have faint structures that are easily missed in visual 
classification. In particular, late-type ellipticals and early-type SOs are difficult to distinguish 
due to the subtle oval or twisted structures, or due to faint outer disks in SOs. Indeed, 



Sandage fc Bedkd ( Il994| ) report many misclassified SOs in the RC3. 



Kormendy et al. 



'herefore, sometimes 



(120091 ) used isophotal 



photometric classification is also used. For example, 
analysis to show the appearance of disks in galaxies in which the disks were not obvious in 
the direct images. It was assumed that disks are more fiattened than bulges. 

In the current study, both visual and photometric classification is made, given in Tables 
3 and 4. For comparison, in Table 3 we give also the classifications from the RC3 and the 
RSA. Our classification is purely morphological, and no assumptions of possible formative 
processes of galaxies are made. Although our images do not have the resolution of the Hubble 
Space Telescope, they are still good enough for detecting also nuclear bars, rings and lenses. 



5.2 Visual classification 



We u se classification, based on de Vaucouleurs' revised Hubble-Sandage system ( jde Vaucouleurs 
19591 ) (see also the dVA and Buta 2011), which includes the stage (SO^, SO", S0+, Sa), the 
family (SA, SAB, SB), the variety (r, rs, s), the outer ring or pseudoring (R, R'), possible 
spindle shape (sp, meaning edge-on or near edge-on orientation), and the presence of pe- 



culiarity (pec). We use also a notation for she l 



SAB, SAB,rs, rs) as used by Ide Vaucouleurs! (119631 ) is used to emphasize the more likely 



s and ripples. The underline notation (e.g.. 



phenomenon in a galaxy. Notice that in the atlas images (in Fig. 5), for t echnical reasons. 



the un derli ne no t ation is emphasized by slanted font instead. Following iButa fc Crocker 



(jl99ll ) and iButal ( 119951 ) we also recognize subcategories of pseudorings (Ri, R'^, R2, RiR2)- 
Representative examples of stage and family for barred and non-barred atlas galaxies are 
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shown in Figure 6. De Vaucouleurs' classification does not include the morphology of bars 
in terms of boxy/peanut/x-shaped structures (B^;), which is included in our classification. 



Bars can also have classical rectangular structures, or ansae at t 



le two ends of the bar 



Laurikainen et al. 



2007 



Martinez- Valpuesta. Knapen fc Butall2007l ). which ansae types are 



coded by B^ in our classification. Examples of bar and ring morphologies in SOs are shown in 
Figure 7. It is worth noticing that the x-shaped structures inside the bars in our study, and 
in dVA, appear in fairly face-on galaxies, not in edge-on systems where they are generally 
reported (see for example IC 5240 and NGC 4429 in Fig. 5). 

Nuclear, inner and outer lenses are denoted by 'nl', '1' and 'L', respectively. Nuclear 
bars and nuclear rings, denoted as 'nb' and 'nr', have similar sizes as nuclear lenses. In 
the classification, intermediate types between rings and lenses are also used (nrl, rl, RL). 
Additionally, a new lens type is introduced which we propose to call "barlenses" with a 
notion of 'bl'. These appear in the central regions of many NIRSOS galaxies, but are generally 
distinct from nuclear lenses by their much larger sizes. From visual appearance these 'bl' 
features can be mistaken for large bulges. The appearance of 'bl' is demonstrated for NGC 
2983 in Figure 8, where both the original and the residual images are shown: the residual 
image is created by subtracting from the original image the bulge+bar model obtained from 
2D structural decomposition. A manifestation of 'bl' appears also in NGC 4314 (Fig. 9): the 
fine-structure in the central regions confirms that the component cannot be a bulge. Also, 
as the galaxy is in nearly face-on orientation the fat bar component cannot be interpreted 
as a boxy bar structure seen nearly edge-on orientation. This needs to be explained by the 
theoretical models, in which the boxy/peanut structures are generally induced by vertical 
thickening of the bar (Athanassoula & Misioritis 2002). 

Due to our selection criteria the sample should not contain edge-on galaxies. However, 
several misclassified galaxies appear in the RC3. We have moved the following galaxies in our 
sample to the spindle category: ESQ 208-21, IC 1392, NGC 2685, NGC 3414, NGC 4220, 
NGC 4435, NGC 4474, NGC 4546, NGC 5087 NGC 6861 and NGC 7029. On the other 
hand, the galaxies NGC 4281 and NGC 5353 which were classified as spindle in the RC3, 
were considered as more face-on systems in this work. Notice that the galaxies NGC 4638, 
NGC 5493 and NGC 7029 have an edge-on disk clearly shorter than the outskirts of the 
IR spheroidal components, which have boxy outer isophotes (Fig. 5) . We use the notation 
of Kormendy and Bender (1996) for the boxy elliptical parts of these galaxies with bright 
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embedded SO disks, although these galaxies do not fit very well to the scheme by Kormendy 
and Bender. 

Our classification is similar to that used by 



ButaetaL 



( 120101 ). except that lenses are 



coded in a systematic manner in the present work. We have 12 galaxies in common with 
that sample. As expected, the agreement is generally good, except that in six of the galaxies 
we detect lenses (NGC 4203, Fig. 14; NGC 4245, Fig. 5; NGC 4314, Fig. 9; NGC 4649, Fig. 
5; NGC 5377, Fig. 7; NGC 5846, Fig. 5), which were not recognized by Buta et al. Also, for 
NGC 5353 (Fig. 5) we recognize an x-shaped bar which was not included in the classification 
by Buta et al. On the other hand, for NGC 4369 (Fig. 5) Buta et al. detect an outer ring, 
which we don't see in the ii's-band image, most probably because the image used by us is 
not as deep as the Spitzer image at 3.6 m/i of Buta et al. 

Compared with the optical classification in the RC3, the Hubble stage differs for some 
individual galaxies. However, deviations appear in both directions, so that there is no sys- 
tematic shift in the mean Hubble stage (< T >= — 1.57 and —1.51 in near-IR and opti- 



cal, respective 



Eskridge et al. 



y). Th e sca tter plot of the op tical and NIR-types is shown in Fig. 10. Both 



(|2002h and 



ButaetaL 



( I2OIOI ) found that intermediate- type (SO/a-Sc) galax- 
ies are on average one stage earlier in the infrared than in the optical. The reason why we 
don't see such a shift is partly because we study early-type galaxies which have only a small 
amount of dust, whereas the samples by Eskridge et al. and Buta et al. are more concen- 
trated on dusty spirals. Another reason is that, although some of the galaxies in our sample 
were shifted towards an earlier stage, that is partly compensated by shifting some ellipticals 
that were misclassified in the RC3 into SOs in our classification. 



5.3 Photometric classification 

By photometric classification we mean including faint structure components, even if they 
were not obvious in visual classification, for example because they were outshone by luminous 
bulges. Also, galaxies that are late- type ellipticals (E"*") in visual classification, can turn out 
to be early-type SOs in photometric classification if exponential outer disks are detected from 
surface brightness profiles. Our classification is based on morphology alone, and does not 
include any kinematic observations or parameters measured from the images (ellipticities, 
bulge-to-total flux ratios, or bar strengths). Also, no assumptions on the formative processes 
of galaxies were made, for example by assigning features like shells/ripples, assumed to be 
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merger-built structures, to elliptical galaxies alone. The photometric classification is given 
only if it deviates from the visual classification. 



5. 3. 1 Subtle features not identified visually 

In order to identify faint structures we use (1) unsharp masks (see Section 4.1), or (2) resid- 
uals from structural decompositions. We use 2D mult i- component decompositions obtained 
previously for the Atlas galaxies by Laurikainen et al. (2005, 2006, 2010). The decomposi- 
tions were made by fitting a Sersic function for the bulge, an exponential function for the 
disk, and a Ferrers function for the bar. In some of the galaxies more than one bar was 
fitted. Lenses were fitted either by Ferrers or Sersic functions. Faint structures are visible 
in the residual images after subtracting a bulge model. Such structures can be bars, rings, 
inner disks or dust lanes. Lenses were identified directly from the images or from the surface 
brightness profiles: they were included to the parameter fitting of the structure components 
and therefore generally do not appear in the residual images. 

The identification of lenses is an important part of our classification, and the main lens 
types are shown in Figure 11. For the galaxies in th at figure the structural decompositions 



are also shown, taken from 



Laurikainen et al. 



( I2OIOI ). Prominent lenses, like the one in NGC 



2902, are directly visible in the images. Faint or very extended lenses and ring/lens systems 
may not be immediately obvious in the images, but can be identified as broad bumps or 
exponential subsections in the surface brightness profiles (e.g., Laurikainen et al. 2010). 

NGC 1533 (Fig. 11) is a good example of a galaxy having an outer ring/lens structure. 
In the surface brightness profile it is manifested as a Sersic profile with n parameter smaller 
than one. In NGC 2902 (Figs. 6, 11), the inner ring/lens (rl) feature is manifested in a similar 
manner, causing a bump in the surface brightness profile. In NGC 524 (see Figs. 11 and 15), 
the lenses are weaker and appear as exponential subsections in the surface brightness profile. 
NGC 524 is one of the best examples of a largely face-on (L)SA(l,nl) system, others being 
NGC 5846 (Fig. 5) and 5898 (see Fig. 5), with related examples being NGC 1411 (see Fig. 
16) and 7192 (Fig. 15). Our image of NGC 1411 is not deep enough to detect the outer lens, 
seen in the dVA image in the optical region. In the decomposition of NGC 524, the inner 
(1) and nuclear (nl) lenses are fitted by Ferrers functions. NGC 2983 (Figs. 11, 14, 16) is an 
example of a barred galaxy having an outer lens (L), and also a barlens (bl). 

In Figure 12, images and structural decompositions are shown for NGC 4459 and NGC 
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4696. In visual classification these galaxies are ellipticals, but the surface brightness profiles 
show perfect exponential shapes, which changes the classification into SO. For these galaxies 
we have also B — K colour maps (H. Salo et al. 2011, in preparation), where the lenses can 
be identified as colour changes in the interface regions between lenses and disks. 

In our classification we do not code ovals as a distinct morphological feature, because 
they are often difficult to distinguish from lenses. Ovals are global deviations from an ax- 
isymmetric shape in galactic disks (see Kormendy & Kennicutt 2004 and Buta 2011). In 
isophotal and Fourier analysis they appear in a similar manner as bars (with higher Fourier 
modes, see Laurikainen et al. 2007), but with lower ellipticities. In contrast to lenses, they 
have less shallow surface brightness distributions. 



5.3.2 Comparison with \Kormendy et al\ ^200M) 



We have five galaxies in common with the sample of iKormendy et al.l (120091 ) . who studied 
mainly ellipticals and Sph type spheroidals, but whose sample also includes some bright SOs. 
The common galaxies are NGC 4382, 4472, 4552 and 4649 (Fig. 5), and NGC 4459 (Fig. 
12), which were classified as ellipticals (mainly E2) by Kormendy et al., and as SOs by us. 
They are SOs also in the classification by Sandage & Tammann (1981). For the last four 
galaxies the decompositions by Laurikainen et al. (2010) have shown that the galaxies can 
be fitted by a Sersic bulge and an exponential disk. In NGC 4649 a lens was also identified 
by us. Except for NGC 4459, Kormendy et al. report these galaxies as ellipticals that miss 
light in the nuclear regions. 

NGC 4382 is peculiar and therefore difficult to classify. Kormendy et al. showed that 
the galaxy has extra light at intermediate radii above a single Sersic fit, and also distorted 
isophotes. However, in their view the extra light cannot be associated with a large-scale disk 
as is typical for SOs. The galaxy has shells/ripples, which is why Kormendy et al. interpreted 
it as a merger remnant that has not yet fully settled into an equilibrium. The reason why we 
consider it to be a disk galaxy and not an elliptical, is the detection of dispersed spiral arm 
segments, but the exponential nature of the outer profile is not clear. However, there are 
other SOs with shells/ripples which do have clear extended exponential disks. Such galaxies 
are, for example, NGC 2782 and NGC 7585 (Fig. 5). 
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6 DIMENSIONS OF THE STRUCTURES 



The dimensions, orientations (PA), and minor-to- major axis ratios (q) of the structure com- 
ponents in our classification were measured, and are given for rings and lenses in Table 5, 
and for bars in Table 6. The dimensions of the structure components are semi-major axis 
lengths. To measure the rings and lenses the following strategy was used: after displaying 
the image rebinned by a factor of two, the classified features were mapped visually, at least 
three times in succession. If a feature is a clear ring, the cursor was used with IRAF rou- 
tine TVMARK to outline the ridge-line. If the feature is a lens, oval, or a bar, the edge 
was mapped instead. After obtaining x,y coordinates of the feature's location mapped in 
azimuth, an ellipse-fitting program was used to fit the points to get the central coordinates, 
the position angle of the major axis, the major and minor axis radii, and the axis ratio. As 
an illustration of our strategy the fitted ellipses for four features superimposed on the galaxy 
image are shown for NGC 1543 in Figure 13. For this particular galaxy the nuclear bar is 
also shown. Similar figures for the complete sample are available in electronic form (address 



given by MNRAS; |http: //cdsarc.u-strasbg.fr/cats ). 

For measuring bar lengths three methods were used: (1) they were estimated visually 
by marking the outskirts of the bar and drawing an ellipsoid to that distance (r^is in Table 
6). A line was also drawn along the bar major axis which gave a visual estimate of the bar 
orientation. (2) Radial profiles of the ellipticities were used: bar length was taken to be the 
radial distance where the maximum ellipticity in the bar region appeared (following, e.g., 
Wozniak & Pierce 1991; Wozniak et al. 1995; r^w in Table 6). (3) As a third estimate, the 
bar length was taken to be (Erwin & Sparke 2003): 

rL = rell + (rellmin " '"elO/S, 

where reiimin is the radial distance where the first minimum appears after the ellipticity max- 
imum in the bar region. In galaxies with complicated morphological structures no minimum 
appears after the maximum ellipticity; in those cases no tl is given, reii is not given if the 
ellipticity maximum was very broad, and also when the bar orientation in respect of the disk 
orientation was not favorable. 

This is the case, for example for NGC 3384 (Figs. 5 and 13 in electronic form), having 
a bar perpendicular to the disk which bar is also inside a lens. As a consequence there is a 
minimum in the ellipticity profile and in the 64-profile at the edge of the bar, and a maximum 
in the position angle (this also means that the method based on detecting maxima in the 
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ellipticity profile miss bars in unfavorable orientation). An other similar case is NGC 4546 
(Fig. 5, electronic Fig. 13). If the bars are very weak and appear only in the unsharp masks 
or in the residual images, only visual estimation of the length can be given. Typically r^is is 
close to Tell, whereas tl gives an upper limit for bar length. The standard deviations given 
in column 7 of Table 6 were calculated for r^is and reu. The bar orientation is generally the 
position angle near the ellipticity maximum in the bar region, but for very weak bars, bars 
seen inside prominent lenses, or in unfavorable viewing angle, the position angle from ellipse 
fitting could not be used. For those galaxies visually estimated bar orientation is given. 
Visually estimated orientation and those obtained from ellipse fitting generally agree well, 
the variations typically being around 2 degrees. 



7 DISCUSSION 



It has been suggested that galactic disks are primary components of galaxy formation, and 
that their surface brightness distribution reflects the specific angular momentum distribution 
of protogalaxies (e.g. Fall & Efstathiou 1980; Button & van den Bosch 2009). There can 
also be angular momentum exchange between material at different ra dii, in which case th e 



exponential s urface brightness distribution is a result of disk viscosity (iLin fc Pringlelll987f ). 



Bosma 



(119831 ) suggested that lenses might be primary components formed soon after the disk 
formation: the outer edges of lenses may have formed when the initial amount of gas suddenly 
dropped and star forma tion abruptly ceased . Lenses may also form by disk instabilities in a 
similar manner as bars ( lAthanassoulalll983[ ). 

On the other hand, in the hierarchical picture of galaxy formation present-day galactic 



disks are merger-bui 



sions ( IWhite fc Rees 



t structures, which have been significantly restructured in galaxy colli- 



1978 



Kauffmann et al. 



19991 ). It has been suggested that even up to 



50% of all spiral disks might come from disk reb uilding from recent rn ergers, the other half of 
the disks being formed in some earlier mergers (IHammer et al.ll2009l ). If SOs are descendants 
of these spirals, it needs to be understood how the multi-component bar/lens structures that 
we find in up to 25% of the SOs were formed and maintained. The statistics and a more thor- 
ough discussion of possible formative processes of lenses will appear in forthcoming papers. 
Here we give only tentative examples of possible morphological sequences of lens formation, 
and discuss possible candidates of SOc galaxies. 
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7.1 Morphological evidence of lens formation? 

1. Lenses might be highly evolved star forming zones or highly evolved stellar rings (Fig. 14a). 
The upper panels show the full images, whereas the lower panels show the inner regions of 
the residual images, obtained after subtracting the bulge models from the original images, 
for NGC 3998 and NGC 4203. In this scenario, gas is used by star formation in the disk, 
leading to a dynamical heating so that the spiral arms disappear, first in the outer disk 
(NGC 7371). However, in the presence of a weak bar some of the material in the spiral arms 
may be trapped into the resonances of the bar before all the gas is consumed. Consequently, 
a ring or a double ring may form outside the bar (NGC 3998). When the rest of the gas 
is consumed and the inner disk is dynamically heated, the rings are expected to lose their 
identity and a lens form s (NGC 4203). Not i ce tha t in NGC 4203 the lens clearly has a larger 



radius than the bar. In 



Laurikainen et al. 



(l2009l ). NGC3998 was interpreted as a possible 



candidate of bar destruction in a spiral galaxy that was formerly barred. 

2. The sequence NGC 5953 -> NGC 7742 -> NGC 7213 (Fig. 14b) is similar to the 
sequence above, except that the galaxies have no bars. NGC 5953 has prominent flocculent 
spiral arms in the inner part of the disk. If there is enough gas in these spiral arms a starburst 
may occur, leading to a rapid increase in the stellar mass, which may take the form of a lens 
with the dimension of the current extension of the spiral arms. As an intermediate stage the 
spirals may take the form of rings, which is clear in NGC 7742 (the ring in this galaxy is 
counter-rotating; de Zeeuw et al. 2002), and to some extent also in NGC 7213. 

3. Lenses might be triggered by bars, which is illustrated in Figure 14c. Bars are known 
to excite resonance rings, which can be full classical rings, or of R' type rings, of which NGC 
6654 is a good example. When the gas is consumed the disk is dynamically heated, and the 
ring in NGC 6654 may evolve into a lens, similar to that surrounding the bar of NGC 2983. 
An alternative progenitor type of NGC 2983 could be NGC 1326 (see Fig. 7), which has a 
prominent dispersed ring surrounding the bar. When evolved over time the ring may evolve 
into a lens. 

Several stripping mechanisms in spiral galaxies are suggested leading to significant decay 
of star formation and heating of the disk, which is required while transferring spiral galaxies 
into SOs. According to numerical simulations (Bekki & Couch 2011) reduced star formation 
is particularly important among barred interacting galaxies: galaxy interactions trigger gas 
infall in the bar, leading to repetitive starbursts in the spiral galaxy disk, followed by sub- 



NIRSOS atlas 21 

sequent fading. However, there exist also non-barred SOs having significant star formation 
in their inner rings, if which NGC 4138 is an example (Pogge & Eskridge 1993; see also 
Grouchy et al. 2010). It is possible that galaxy interactions/mergers play an important role 
also in the formation of these galaxies, in a sense that gas rich small companions might be 
swallowed by the more massive spiral galaxies. If the galaxy had an inner ring, the gas might 
have fallen into the potential well of the ring leading to a starburst in the ring. NGC 4138 
has also a counter-rotating component (Jore et al. 1996; see also discussion in Comcron at 
al. 2010), which supports the merger hypothesis. Or alternatively, star forming rings were 
formed in a process, where vertical satellite collision triggers the star forming ring (Mapelli 
et al. 2008). 

7.2 Prototypical multiple bfir/lens structures 

The galaxies NGC 1543, NGC 6782 and NGC 3081 are prototypical examples of double barred 
galaxies (Fig. 15a). The scales in the upper panels are selected to illustrate the main bars 
and lenses, whereas the lower panels show the nuclear bars and lenses in the same galaxies. 
NGC 1543 has two bars and lenses surrounding the bars, extending to the same radius as 
the bar. Intuitively it seems plausible that the lenses were triggered by the bars. NGC 6782 
also has two bars, but a ring/lens is surrounding the main bar, and a nuclear ring surrounds 
the nuclear bar. It is possible that the galaxy also has a weak lens inside the nuclear ring, 
but that is difficult to verify. NGC 3081 has two weak bars, but in this galaxy the nuclear 
and inner rings at the outskirts of the two bars are the dominant features. NGC 1317 is also 
double-barred. We find two nearly orthogonal nuclear rings with a nuclear bar and nuclear 
lens inside these features. 

In Figure 15b, prototypical examples of multiple lenses in non-barred galaxies are shown. 
The lenses can be intermediate types between rings and lenses as in NGC 3032, or full 
lenses as in NGC 524 and NGC 7192. As we previously noted, NGC 524 is an example 
of a non-barred SO galaxy having a series of circular lenses, the three lenses being clearly 
visible in this case. Depending on the prominence of the lenses the galaxies are classified 
either S0° or S0~. These kind of galaxy illustrates interesting borderhne cases between SOs 
and ellipticals: if the lenses are weak the galaxies can be easily misclassificd as elliptical 
galaxies, because their surface brightness profiles are fairly similar. For a full discussion of 
their nature, kinematic observations are also needed. 
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There are many questions related to multiple lenses in SOs that need to be answered. For 
example: (1) are lenses primarily formed soon after the disc formation or are they rather 
bar-related products of secular evolution in galaxies. (2) If produced mainly by secular 
evolution, are lenses former bars dissolved into lenses, or more likely structures triggered 
by bars, for example via ring formation? (3) What are the possible secular evolutionary 
processes producing the multiple lenses in non-barred galaxies? And finally, (4) How can 
the multiple bar/lens systems be maintained in the current hierarchical picture of galaxy 
formation? We discuss these issues in a forthcoming paper. 

7.3 SOc Galaxies? 

Candidates of SOc type galaxies, which group of galaxies was suggested by van den Bergh 
(1976), were searched from the NIRSOS sample. The appearance of this kind of galaxies 
having disks with no spiral arms, but bulge-to-total [B/T] flux ratios as small as typically 
found in Sc type spirals, was noticed by Erwin et al. (2003) and Laurikainen et al. (2006, 
2010). In Figure 16 we show representative examples of these galaxies. Using the structure 
decompositions of Laurikainen et al. (2010), and allowing for B/T ^ 0.1, 14 SOs were found. 
This limit was selected because it is the mean B/T value for Sc type spirals, based on 
the decompositions for spirals, made in a similar manner as for the NIRSOS galaxies. The 
bulge flux is taken to be that fitted by a Sersic function, whereas the disk fiux is a sum 
of all the disk components, including bars and lenses. All the galaxies in Fig. 16 have a 
small bulge manifested as a narrow peak in the surface brightness profile, and a prominent 
extended disk. These galaxies have similar, or at most only slightly fainter total absolute 
X-band magnitudes (for the 9 galaxies in the figure < Mk > = —23.6 mag, whereas for 
the 14 galaxies < Mk > = —23.9) than the SO galaxies in general (< Mk > ~ —24.0). The 
absolute magnitudes were calculated using the K-hand magnitudes from 2MASS, corrected 
for Galactic extinction taken from NED, based on the maps of Schlegel, Finkbeiner & Davies 
(1998), and using galaxy distances from the Catalog of Nearby Galaxies by TuUy (1988). A 
Hubble constant of Ho— 75 km Mpc~^ is used. 

Of the non-barred galaxies (see Fig. 16) NGC 4138 and NGC 5273 have very narrow 
peaks in the surface brightness profiles, and either ring or subtle spiral features, which 
might be manifestations of earlier spiral stage of these galaxies. NGC 1411 has more mass 
in the central regions, due to a very prominent lens. The three barred galaxies, NGC 3081, 



NIRSOS atlas 23 

NGC 4429 and NGC 4220 have obviously very small bulges embedded in large disks. The last 
three galaxies, NGC 2983, NGC 3892 and NGC 5838, are examples of barred galaxies having 
prominent barlenses, the small bulges embedded inside these lenses. Our example galaxies 
can be former Sc spirals in which gas is either stripped or consumed by star formation, as 
originally suggested by Baade (1963) and van den Bergh (1976): due to dynamical heating 
of the disk the spiral arms have disappeared, but the other disk structures hke bars, lenses 
and rings are still visible, in a similar manner as in spirals. 

8 CONCLUSIONS 

The NIRSOS atlas of 206 early-type disk galaxies is presented in the Kg-band, including 160 
SO-SO/a galaxies. In order to discuss the borderhne of SOs with ellipticals and spirals, late- 
type ellipticals classified as SOs in the RSA, and Sa spirals were also included in the sample. 
A sub-sample of 185 galaxies forms a magnitude-limited sample, having total magnitudes 
of St ^ 12.5 mag and inclinations less than 65". The obtained images are deep, typically 
reaching a surface brightness level of 23.5 mag arcsec"^ (exceptions are galaxies having too 
small FOV). A sub-arcsecond pixel scale (~ 0.25") was used and the observations were 
generally carried out in good seeing conditions (FWHM ~ 1"). The flux calibrated images 
are shown in many different scales, optimized to show the multi-component nature of many 
of the galaxies. In the Atlas panels the radial profiles of the position angle, the ellipticity, 
and the deviation of the isophotes from perfect ellipticities (b4) are also shown. 

A detailed morphological classification was made using the criteria of de Vaucouleurs 
(1959). Special attention was paid to the recognition of lenses in NIRSOS galaxies, which has 
been done in more systematic manner than in any of the previous studies. Lenses are coded 
in a similar manner as nuclear, inner and outer rings were previously coded by Buta et al. 
(2010). A new lens type called a 'barlens', was also introduced, referring to the intermediate- 
sized, bulge-looking component that seems prominent in many early-type barred galaxies, 
presumably forming part of the bar itself. When elongated along the bar it has the ap- 
pearance of the so called 'boxy bar'. Bar morphology is included in the classification: ansae 
morphology was detected in 33 bars, and x-shaped bar structure in 9 non-edge-on galaxies. 

Besides visual classifications we present also photometric classifications, which means 
that exponential outer disks or faint inner structures were considered even if they were not 
directly visible in the images. The faint structures were identified from unsharp masked or 
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residual images after subtracting a bulge model taken from the structural decompositions of 
Laurikainen et al. (2010). Our visual and photometric classifications deviate for 42 galaxies: 
for example, 15 faint bars, outshone by bulges in visual classification, were detected, and 
7 elliptical galaxies were moved into the SO stage. However, the mean Hubble stage in our 
visual classification in the near-IR is the same as that in the RC3, determined in the optical 
wavelength range. 



We confirm the previous result by 



Laurikainen et al 



( 120091 ) that most early-type disk 



galaxies have lenses, which we find to be the case in both barred (61%) and non-barred 
(38%) galaxies. Most importantly, we find that up to 25% of the Atlas galaxies, including 
the SO-SO/a galaxies, have multiple lenses. However, only six galaxies (4%) have shells or 
ripples, which are expected to be direct manifestations of recent mergers. The detection 
of multiple lenses in a large number of SO-SO/a galaxies is a challenge to the hierarchical 
formative processes of galaxies: it needs to be explained how such lens systems were formed 
and survived in the merger events that galaxies might have suffered several times in their 
lifetimes. We discuss tentative morphological sequences of possible formative processes of 
lenses. Possible candidates of SOc galaxies are shown, which galaxies are expected to be 
former Sc-type spirals stripped out of gas. 
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Table 1. The observing campaigns. 



Tel.+instrument date resolution FOV 

[arcsec/pix] [arcmin] 



Near-IR: 








NOT(2.5m) /NOTCam 


17-20 Jan 2003 


0.233 


4.0 X 4.0 


NOT{2.5m)/NOTCam 


28-29 Sept 2003 


0.233 


4.0 X 1.0 


NOT(2.5m)/NOTCam 


08-11 Jan 2004 


0.233 


4.0 X 4.0 


NTT(3.6m)/SOFI 


20-23 Dec 2004 


0.288 


4.9 X 4.9 


NOT(2.5m)/NOTCam 


19-23 May 2005 


0.233 


4.0 X 4.0 


WHT(4.2m)/LIRIS 


11-14 May 2006 


0.250 


4.3 X 4.3 


NTT(3.6m)/SOFI 


17-21 July 2006 


0.288 


4.9 X 4.9 


WHT(4.2m)/LIRIS 


03-05 March 2007 


0.250 


4.3 X 4.3 


CTIO(4m) 


27-29 Oct 2007 


0.306 


5.2 X 5.2 


TNG(3.6m)/NICS 


17-19 Nov 2007 


0.252 


4.2 X 4.2 


TNG(3.6m)/NICS 


16-17 Jun 2008 


0.252 


4.2 X 4.2 


NTT(3.6m)/SOFI 


10-14 Jun 2008 


0.288 


4.9 X 4.9 


WHT(4.2m)/LIRIS 


02-03 Dec 2008 


0.250 


4.3 X 4.3 


TNG(3.6m)/NICS 


10-12 Apr 2009 


0.252 


4.2 X 4.2 


KPNO(2.1m)/FLMN 


04-07 May 2009 


0.606 


19.5 X 19.5 
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Table 2. The image quality. Galaxy identification and telescope are indicated, together with Full- Width at Half-Maximum 
(FWHM) and estimated \-a sky variation {(Tsky)- ^Mo indicates the diflference of the zeropoint derived for the galaxy based 
on 2MASS mi4, with respect to the campaign mean for the same airmass, Afc20 and Akext indicate the differences of the 
measured isophotal magnitudes with respect to 2MASS values. 



Galaxy 


telescope 


FWHM 




A//0 


Ak2o 


Afeext 






[aJTcsec] 


[mag/arcsec^] 


[mag] 


[mag] 


[mag] 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


ESQ 137-10 


NTT 


1.25 


22.7 


0.06 


-0.13 


-0.15 


ESQ 337-10 


NTT 


0.89 


22.2 


-0.00 


-0.02 


0.00 


ESQ 208-21 


NTT 


0.63 


22.2 


0.11 


-0.03 


-0.04 


IC 1392 


TNG 


0.97 


22.9 


-0.06 


-0.04 


-0.03 


IC 4214 


NTT 


0.84 


21.9 


-0.02 


-0.02 


0.01 


10 4329 


NTT 


0.79 


22.4 


-0.01 


-0.02 


-0.00 


IC 4889 


CTIO 


0.83 


21.9 


-0.01 


0.00 


0.03 


IC 4991 


NTT 


0.75 


21.9 


0.22 


-0.08 


-0.06 


IC 5240 


NTT 


1.15 


22.3 


0.14 


-0.10 


-0.13 


IC 5267 


CTIO 


1.00 


21.7 


0.06 


0.02 


0.15 


IC 5328 


NTT 


1.06 


23.3 


-0.14 


-0.05 


-0.02 


NGC 0439 


NTT 


0.80 


22.6 


0.06 


0.03 


0.12 


NGC 0474 


CTIO 


1.01 


21.9 


0.01 


-0.02 


0.08 


NGC 0484 


NTT 


0.72 


22.0 


-0.00 


-0.04 


-0.04 


NGC 0507 


NOT 


0.88 


21.2 


-0.15 


0.03 


0.07 


NGC 0524 


NOT 


1.16 


21.2 


-0.14 


-0.03 


-0.05 


NGC 0584 


NTT 


0.78 


21.8 


-0.03 


-0.04 


-0.08 


NGC 0718 


NOT 


1.05 


21.5 


0.07 


0.00 


0.04 


NGC 0890 


NOT 


0.82 


22.1 


0.00 


-0.04 


-0.05 


NGC 0936 


NOT 


1.26 


21.9 


-0.02 


-0.03 


-0.10 


NGC 1022 


NOT 


1.86 


21.5 


0.06 


0.02 


0.02 


NGC 1079 


NTT 


0.83 


22.2 


0.00 


-0.05 


-0.08 


NGC 1161" 


NOT 


0.82 


21.4 








NGC 1201 


NOT 


1.06 


21.0 


0.06 


0.00 


-0.00 


NGC 1302 


NOT 


1.16 


21.2 


0.01 


-0.07 


-0.06 


NGC 1317 


NTT 


0.67 


22.1 


0.00 


-0.03 


-0.05 


NGC 1326 


NTT 


0.72 


22.0 


-0.00 


-0.05 


-0.03 


NGC 1344 


CTIO 


0.99 


22.1 


-0.02 


0.03 


0.14 


NGC 1350 


NTT 


0.75 


22.5 


0.13 


0.01 


0.10 


NGC 1351 


NTT 


0.89 


22.3 


-0.06 


0.05 


0.11 


NGC 1371 


CTIO 


1.03 


22.0 


-0.01 


0.00 


0.00 


NGC 1380 


CTIO 


1.14 


22.0 


0.00 


-0.01 


0.07 


NGC 1387 


NTT 


0.69 


21.8 


0.01 


0.02 


0.02 


NGC 1389 


CTIO 


1.08 


22.0 


-0.01 


0.00 


0.05 


NGC 1400 


NOT 


1.07 


21.7 


-0.01 


-0.00 


0.03 


NGC 1411 


NTT 


0.81 


22.2 


0.02 


-0.00 


-0.01 


NGC 1415 


NOT 


1.05 


21.5 


0.07 


0.00 


0.00 


NGC 1440 


NOT 


1.00 


21.7 


-0.06 


0.00 


0.01 


NGC 1452 


NOT 


1.05 


21.8 


-0.04 


-0.01 


0.02 


NGC 1512 


NTT 


0.63 


22.2 


-0.02 


-0.13 


-0.10 


NGC 1533 


NTT 


0.70 


22.2 


0.01 


-0.00 


-0.03 


NGC 1537 


CTIO 


0.98 


21.8 


0.03 


-0.04 


0.01 


NGC 1543 


CTIO 


1.17 


21.9 


0.01 


0.04 


0.18 


iNvj*^ lOOo 


1VT"T 
IN 1 1 


l.Ul 


ZZ. 1 


U.Ui 


n no 


U.U / 


NGC 1574 


NTT 


0.75 


21.8 


-0.00 


0.01 


0.04 


NGC 1617 


CTIO 


1.01 


22.0 


-0.04 


-0.04 


-0.05 


NGC 2196 


NOT 


1.40 


21.4 


0.00 


0.00 


-0.00 


NGC 2217 


NOT 


1.23 


21.2 


-0.05 


0.04 


0.04 


NGC 2273 


NOT 


1.33 


21.9 


-0.04 


-0.02 


0.00 


NGC 2292'' 


TNG 


1.39 


22.5 








NGC 2293*' 


TNG 


1.39 


22.5 








NGC 2300 


TNG 


1.92 


22.7 


-0.01 


0.03 


0.06 


NGC 2380 


TNG 


1.31 


22.6 


-0.06 


0.03 


0.08 


NGC 2460 


NOT 


1.00 


21.7 


0.04 


-0.01 


-0.01 


NGC 2523 


NOT 


1.14 


21.9 


-0.04 


-0.13 


-0.09 


NGC 2549 


NOT 


1.00 


21.2 


-0.07 


-0.02 


-0.00 


NGC 2655 


TNG 


1.16 


22.6 


-0.03 


-0.03 


-0.04 


NGC 2681 


NOT 


1.15 


21.8 


0.01 


0.04 


0.03 


NGC 2685 


WHT 


0.62 


22.4 


0.02 


-0.07 


-0.03 






n on 


OO 7 


n ni 


n no 


n OO 
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Galaxy 


telescope 


FWHM 


""sky 




Afcao 


Afccxt 






[arcscc] 


[iiia.g/ arcsoc'^] 


[mag] 


[mag] 


[mag] 


(1) 


(2) 


(-■'>) 


(i) 


('') 


((>) 




NGC 2782 


WHT 


1.12 


22.7 


-0.09 


0.01 


0.04 


NGC 2787 


NOT 


1.10 


21.3 


0.05 


-0.02 


-0.02 


NGC 2855 


NOT 


0.93 


21.7 


0.01 


-0.03 


-0.00 


NGC 2859 


NOT 


0.93 


21.7 


-0.03 


-0.03 


0.13 


NGC 2880 


WHT 


0.93 


22.9 


-0.06 


0.03 


0.07 


NGC 2902 


WHT 


1.12 


22.8 


0.14 


0.01 


0.04 


NGC 2911 


NOT 


0.79 


21.0 


0.05 


0.01 


0.04 


NGC 2950 


NOT 


0.98 


21.4 


-0.02 


-0.03 


-0.01 


NGC 2983 


NOT 


0.98 


21.7 


-0.03 


-0.03 


0.00 


NGC 3032 


WHT 


1.00 


23.6 


-0.01 


0.02 


0.05 


NGC 3081 


NTT 


0.63 


22.0 


-0.00 


-0.02 


-0.06 


NGC 3100J 


NTT 


0.83 


23.0 




-0.08 


-0.14 


NGC 3166 


WHT 


1.00 


22.8 


-0.01 


-0.02 


-0.03 


NGC 3169 


WHT 


1.08 


23.1 


-0.03 


0.01 


0.00 


NGC 3226'' 


KPNO 


2.12 


23.0 








NGC 3227** 


KPNO 


2.12 


23.0 








NGC 3245 


WHT 


1.12 


22.6 


-0.00 


-0.01 


-0.03 


NGC 3358 


NTT 


0.69 


21.8 


0.00 


-0.04 


0.06 


NGC 3384 


WHT 


0.55 


23.1 


0.02 


-0.03 


-0.06 


NGC 3412 


TNG 


1.89 


22.7 


0.04 


0.09 


0.09 


NGC 3414 


WHT 


0.88 


22.3 


0.00 


0.01 


0.03 


NGC 3489 


WHT 


1.25 


23.2 


0.01 


-0.04 


-0.06 


NGC 3516 


NOT 


0.91 


22.1 


-0.05 


-0.05 


-0.01 


NGC 3607 


WHT 


1.20 


22.7 


0.11 


0.02 


-0.03 


NGC 3619 


KPNO 


2.06 


21.4 


0.03 


0.10 


0.14 


NGC 3626 


NOT 


0.84 


21.8 


0.05 


0.04 


0.07 


NGC 3665 


NOT 


1.12 


22.0 


0.00 


-0.02 


0.00 


NGC 3706 


NTT 


0.81 


22.2 


-0.03 


-0.03 


0.01 


NGC 3718 


TNG 


1.13 


23.2 


0.01 


0.05 


0.08 


NGC 3729 


NOT 


1.33 


21.7 


0.03 


0.00 


0.16 


NGC 3892 


NTT 


1.29 


22.4 


0.03 


0.02 


0.03 


NGC 3900 


NOT 


0.91 


22.3 


-0.00 


-0.01 


-0.01 


NGC 3941 


NOT 


0.89 


21.8 


-0.01 


0.03 


0.05 


NGC 3945 


WHT 


1.08 


22.9 


-0.04 


-0.04 


-0.07 


NGC 3998 


WHT 


1.02 


23.0 


-0.03 


-0.00 


0.00 


NGC 4073 


TNG 


1.46 


22.7 


-0.03 


-0.02 


0.02 


NGC 4105^ 


NTT 


1.12 


22.5 








NGC 4106** 


NTT 


1.12 


22.5 








NGC 4138 


NOT 


1.04 


21.4 


-0.00 


-0.01 


0.01 


NGC 4143 


TNG 


1.15 


23.1 


0.04 


-0.01 


-0.02 


NGC 4150 


WHT 


1.12 


23.1 


-0.01 


0.13 


0.17 


NGC 4203 


WHT 


1.33 


22.8 


-0.02 


-0.03 


-0.06 


NGC 4220 


WHT 


1.05 


22.7 


0.02 


-0.02 


-0.05 


NGC 4245 


WHT 


1.00 


23.1 


0.00 


-0.02 


-0.01 


NGC 4262 


WHT 


0.88 


22.9 


0.01 


-0.04 


-0.05 
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Table 3. Visual classification in the near-IR, compared with optical classification (RC3 and RSA). 
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-3.5 


-5.0 
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CXci 1 aw 






tvnefRCS) 


tvoefRSAI 


T(2 2nrn\ 




\'-) 




y^) 


C3"l 








NGC 4106 




SAB(s,nl)a 


.LBS-I-.. 


SBO/a (tides) 


1.0 


— 1.0 


NGC 4138 




SA(r)0+ 


.LAR+.. 


Sab(r) 


— 1.0 


— 1.0 


NGC 4143 


* 


(L,R'L)SABa (s,nb,bl)0- 


.LXSO.. 


SOi (5) /Sa 


—3.0 


—2.0 


NGC 4150 


* 1 


(L)SA(nl)0- 


.LARO$. 


SOqMVSa 


—3.0 


—2.0 


NGC 4203 


* 


(L,R'L)SABa(l,rl)0- 


.LX.-*. 




—3.0 


—3.0 


NGC 4220 




('RL'lSAB^('r')0+ sn 


.LAR-I-.. 


SaTr^ S Rl 


—1.0 


— 1.0 


NGC 4245 


* 


{RL)SB(r,nr,bl)0+ 


.SBRO*. 


SBa{s) 


-1.0 


.0 


NGC 4262 


* 


(IOL,OOL)SBo(s,nl,bl)0° 


.LBS-$. 


SBO2/3 


-2.0 


-3.0 


NGC 4267 


* 


{L)SABO- 


.LBS-$. 


SBOi 


—3.0 


—3.0 


NGC 4281 


* 1 


E+5/SA0- 


L +*/ 




—3.5 


— 1.0 


NGC 4293 


* 


(RL)SBi:(s)0/a 


RSBSO.. 


3a pec 


0.0 


.0 


NGC 4314 


* 


(Rj)SB(r'l,nr',bl)a 


.SBTl.. 


SBa(rs)pec 


1.0 


1.0 


NGC 4339 


* 


SA(r,l)0° 


.E.O... 


SO1 /oCOl 


—2.0 


-5.0 


NGC 4340 


* 


SB Cr nr nb hl'IO+ 


.LBR+.. 


SROol'r'l 


— 1.0 


— 1.0 


NGC 4350 


* 


SO" sp 


.LA.../ 


S0i(8) 


-3.0 


-2.0 


NGC 4369 


* 


SB(rs)a.; pec 


RSATl.. 


Sc(s)III-IV 


1.0 


1.0 


NGC 4371 


* 


SBo Cr nr'lO+ 


.LBR+.. 


SB0T/Q('r')('3"l 


— 1.0 


— 1.0 


NOP A'M'^ 


* 




.LXT-*. 




—3.0 


—2.9 


NGC 4378 


* 


{R')SA(l)a 


RSASl.. 


Sa{s) 


1.0 


1.0 


NGC 4382 


* 


SAO/a: pec 


.LAS-t-R 


S0i(3) pec 


0.0 


— 1.0 


NGC 4406 


* 1 


E+3 


.E.3... 


SOi (3) /E3 


—4.0 


—5.0 


NGC 4424 


* 


SBO/a: pec 


.SBSl*. 


S(a?)pec 


0.0 


1.0 


NGC 4429 


* 


SAB^Cr nl")0+ 


.LAR-t-.. 


S0Q('6~)/Sa nee 


—1.0 


— 1.0 


NGC 4435 


* 1 


S0° sp 


.LBSO.. 


SB0i(7) 


—2.0 


—2.0 


NGC 4457 


* 


{R)SAB(l,nI,nb)0+ 


RSXSO.. 


RSb{rs)II 


— 1.0 


.0 


NGC 4459 


* 1 


E2 


.LAR-I-.. 


303(3) 


—5.0 


— 1.0 


NGC 4472 


* 


SAO" 


.E.2... 


El/SOi (1) 


-3.0 


-5.0 


NGC 4474 


* 


S0~ sp 


.L...P* 


S0i(8) 


-3.0 


-2.0 


NGC 4477 


* 


(RL)SB(r?)a 


.LBS.*$ 


SBOi/2/SBa 


1.0 


-2.0 


NGC 4503 


* 1 


SAB(s,bl)0° 


.LB.-*. 


Sa 


—2.0 


—3.0 


NGC 4531 


* 


(RL)SA(rs)a 


.LB.-h*. 




1.0 


-.5 


NGC 4546 


1 


SABO- sp 


.LBS-*. 


SBOi/Sa 


-3.0 


-3.0 


NGC 4552 


1* 


SAO- 


.E.O-I-.. 


SOi (0) 


-3.0 


-5.0 


NGC 4578 


* 


SAO^ 


.LARO*. 


SO1 /tM) 


—3.0 


—2.0 


NGC 4596 


* 


(RL)SB(rs,bl)0/a 


.LBR+.. 


SBa(very early) 


0.0 


-1.0 


NGC 4608 


* 


SB(r,bl)0+ 


.LBRO.. 


SB03/a 


—1.0 


—2.0 


NGC 4612 


* 


(RL)SABa(l)0° 


RLX.O.. 


RSBO1 /T 


—2.0 


—2.0 


NGC 4638 




SO^ /RCbU sn 


L - / 


SOi (7) 


—4.0 


—3.0 


NGC 4643 


* 


(L)SB(rs,nrl,bl)0+ 


.SBTO.. 


SBOs/SBa 


—1.0 


.0 


NGC 4649 


* 


SA(1)0- ' 


.E.2... 


S0i(2) 


-3 


-5.0 


NGC 4665 




(R L)SB(s)0+ 


.SBSO.. 


SBOi /3/SBa: 


—1.0 


.0 


NGC 4691 


* 


SB(s)dm/SBO/a 


RSBSOR 


SBb pec 


0.0 


.0 


NGC 4694 


* 


SAO-(nb) 


.LB. .P. 


Amorphous 


-3.0 


-2.0 


NGC 4696 


* 1 


E+2 


.E+l.P. 


(E3) 


-4.0 


-4.0 


NGC 4754 


*i 


(L)SBa(s,bl)0- 


.LBR-*. 


SB0i(5) 


-3.0 


-3.0 


NGC 4772 


* 


(R')SA(r)a 


.SASl.. 


Sa: 


1.0 


1.0 


NGC 4880 


* 


(R')SAB(s)a 


.LAR-h*. 


E4/S0i(4) 


1.0 


-1.0 


NGC 4914 


* 


SAO- 


.E-t-.... 


[S0i(5)] 


-3.0 


-4.0 


NGC 4976 


* 1 


E+5/SA0- 


.E.4.P* 


S0i(4) 


-3.5 


-5.0 


NGC 4984 


* 1 


(R)SABa(l,nrl)0° 


RLXT-(-.. 


Sa(s) 


-2.0 


-1.0 
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Galaxy 




type(2.2/im) 


type(RC3) 


type(RSA) 


r(2.2;im) 


T(RC3) 


(1) 




(2) 


(3) 


(4) 


(5) 


(6) 


NGC 5026 




(L)SB(rs,nl,bl)a 


PSBTO.. 




1.0 


-.2 


NOG 5078 




Sa sp 


.SASl*/ 




1.0 


1.0 


NGG 5087 


* 1 


E2/SA0- sp 


.LA.*.. 


S03(5) 


-4.0 


-3.0 


NGC 5101 


* 


(RR)SB(rs,nl,bl)0/a 


RSBTO.. 


SBa 


0.0 


.0 


NGC 5121 


* 


(RL)SA(rl)0+ 


PSASl.. 


S0i(4)/Sa 


-1.0 


1.0 


NGC 5206 


* 


dSBO,N 


PLBTOP* 




-2.0 


-2.5 


NGC 5266 




SAO- 


.LA.-*. 


303(5) pec (prolate) 


-3.0 


-3.0 


NGC 5273 


* 1 


SA(s)0° 


.LASO.. 


so/a 


-2.0 


-2.0 


NGC 5308 




SO- sp 


.L..-./ 


S0i(8) 


-3.0 


-3.0 


NGC 5333 




(RL)SA(rl,nb)0'' 


.LBRO*. 




-2.0 


-2.0 


NGC 5353 




SB:i,0+ sp 


.L..../ 


S0i(7)/E7 


-1.0 


-2.0 


NGC 5354 


* 


El 


.L..../ 




-5.0 


-2.0 


NGC 5365 


* 


(RL)SBa(rs,nr,nb)0° 


RLBS-.. 


RSBOi/3 


-2.0 


-3.0 


NGC 5377 


* 1 


(Ri)SAB^(rl,nl)0/a 


RSBSl.. 


SBa or Sa 


0.0 


1.0 


NGC 5419 


* 


SA(nl)0- 


.E 


S0i(2) 


-3.0 


-4.7 


NGC 5148 


* 


(R')SABx(rs,nl)a 


RSXRl.. 


Sa(s) 


1.0 


1.0 


NGC 5173 


* 


(L)SBO- 


.LXS-*. 


SB0i(3) 


-3.0 


-3.0 


NGC 5485 


* 1 


E(dust laiic)/SA0- 


.LA. .P. 


S03(2) pec (prolate) 


-4.0 


-2.0 


NGC 5493 




S0-/E(b)3 sp 


.L...P/ 


E7/S02(7) 


-3.0 


-2.0 


NGC 5631 


* 1 


SAO- 


.LASO.. 


S03(2)/Sa 


-3.0 


-2.0 


NGC 5638 




SA(1)0- 


.E.l... 


El 


-3.0 


-5.0 


NGC 5701 


* 


(R')SB(rl,bl)0/a 


RSBTO.. 


(PR)SBa 


0.0 


.0 


NGC 5728 


* 


(Rl)SB(rs,nr,nb)a 


.SXRl*. 


SBb(s)II 


1.0 


1.0 


NGC 5750 




(RL)SABa(r,l,bl)0/a 


.SBRO.. 


SBa(s) 


0.0 


.0 


NGC 5838 




(L)SAB(nl,bl)0° 


.LA.-.. 


S02(5) 


-2.0 


-3.0 


NGC 5846 


* 


(L)SA(l,nl)0° 


.E.O-I-.. 


SOi(O) 


-2.0 


-5.0 


NGC 5898 




(L)SA(l,nl)0- 


.E.O... 


802/3(0) 


-3.0 


-5.0 


NGC 5953 




SA(rs)a pec 


.SA.1*P 


1.0 


1.0 


NGC 5982 




SAO- 


.E.3... 


E3 


-3.0 


-5.0 


NGC 6012 




SB(a;i,,l)0+ 


RSBR2*. 




-1.0 


2.0 


NGC 6340 


* 


(RL)SA(l,nl)0/a 


.SASO.. 


Sa(r)I 


0.0 


.0 


NGC 6407 


1 


E+/SAO- 


.LA.07P 




-3.5 


-2.0 


NGC 6438 


* 


SAB(1)0- 


.RINGA. 




-3.0 


-2.0 


NGC 6482 


1 


E(d)2 


.E...*. 


E2 


-5.0 


-5.0 


NGC 6646 




(R')SAB(rs)a; 


.S..1.. 




1.0 


1.0 


NGC 6654 


1 


(R')SBa(s,bl)a 


PSBSO.. 




1.0 


.0 


NGC 6684 




(R'L)SAB(rs,nb,bl)0/a 


PLBSO.. 


SBa(s) 


0.0 


-2.0 


NGC 6703 




(RL)SA(1)0° 


.LA.-.. 




-2.0 


-2.5 


NGC 6782 




(R)SAB(rl,nr',nb,bl)0+ 


RSXRl.. 


SBab(s) 


-1.0 


.8 


NGC 6861 


* 


E(d)5-6/SA0- sp 


.LAS-*. 


S03(6) 


-4.0 


-3.0 


NGC 6958 


* 


SA(1)0- 


.E+.... 


R?S0i(3) 


-3.0 


-3.8 


NGC 7029 


* 


E(b)4/S0- sp 


.E.6.*. 


S0i(5) 


-4.0 


-5.0 


NGC 7049 


* 


E3 


.LASO.. 


S03(4)/Sa 


-5.0 


-2.0 


NGC 7079 


* 1 


(RL)SBa(s:,bl)0+ 


.LBSO.. 


SBa 


-1.0 


-2.0 


NGC 7098 


* 


(R')SABa(l,nb)a 


RSXTl.. 




1.0 


1.0 
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Galaxy 




type(2.2/im) 


type(RC3) 


type(RSA) 


T(2.2^lm) 


r(RC3) 


(1) 




(2) 


(3) 


(4) 


(5) 


(6) 


NGC 7192 




(L)SA(1)0- 


.E+..*. 


S02(0) 


-3.0 


-4.3 


NGC 7213 


* 1 


SA(r,rl)0° 


.SASl*. 


Sa(rs) 


-2.0 


1.0 


NGC 7217 




(R')SA(l,nl)0/a 


RSAR2.. 


Sb(r)II-III 


0.0 


2.0 


NGC 7332 




SBa,0° sp 


.L...P/ 


S02/3(8) 


-2.0 


-2.0 


NGC 7339 




SA(s)bc sp 


.SXS4*$ 


4.0 


4.0 


NGC 7371 


* 


SAB(s)a 


RSARO*. 


SBa(r)II 


1.0 


.0 


NGC 7377 


* 


SA(1)0- 


.LAS+.. 


S02/3/Sa pec 


-3.0 


-1.0 


NGC 7457 




SA(s)0- 


.LAT-$. 


S0i(5) 


-3.0 


-3.0 


NGC 7585 




SA;0/a pec shells/ripples 


PLAS+P. 


S0i(3)/Sa 


0.0 


-1.0 


NGC 7727 




SAB(s,nr)a pec 


.SXSIP. 


Sa pec 


1.0 


1.0 


NGC 7742 




(L)SAB(ri,r2)0/a 


.SAR3.. 


Sa(r!) 


0.0 


3.0 


NGC 7743 


* 


SAB(s)a 


RLBS+.. 


SBa 


1.0 


-1.0 


NGC 7796 


* 1 


E+1 


.E+.... 


El 


-4.0 


-3.8 



* Form part of the complete magnitude-limited NIRSOS sample. 
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Table 4. Photometric classification, if not the same as visual classification in Table 3. 



VjcllcLXy 




J. y^^.^fj,LiLf 


(1) 


/'o^ 




IC 4214 


1 Al-]. IVJ-iL±J 11 1^111 J 11 LI JKJ 




TP 4QQ1 




Q 


in ^9fi7 







"PQo in 

-CjOW 00/-1U 


Q An— 


Q 
-0 






-3 






Q 


NOP 1022 






NOC 1 n7Q 






1\TPP 1 

IN lo44 


c A ^^\r\— 



-0 




I'RMtiAR /'re nK KHa 
^0/^JJ(i \^i bjIlUj Ul^cL 




MPP lAon 




Q 
-0 




Q A n— 


Q 
-0 


"MPP OfiQI 


/'■RT A ■R/'vo .-iK ■tTf TiK^n /c 

l^riij jo/i-D|^rs,OD,nr,nD ^u/a 


U 


NTPP 97S9 


SA.(r,nr,nb)a, p6C 


1 

J. 


NPP 9Qn9 


S A (r] nl->^n + 




NCiC "^Ififi 






NdC, Sfifi'i 


E2(d) 


-5 


IN O i UD 




-z 


NOP '^Q41 




-2 


MPP QQ/1C^ 




-1 






Q 
-0 


"NTPP A^ OR 






NPP 41 


^_-l-Jyoi^.^_iJlil5Ill JKJ 


-3 


NPP 49S1 


SAO~ 


-3 


i>l VT V,' "rfiUU 


SAO~ 


-3 


i> VT V,' 'rt'iO'J 




_2 


KTPP /l/lf^Q 




Q 

-0 


NPP A^f]"^ 




_2 


NPP 4^^9 


SA(1)0~ 


-3 


i'i vJI 'iUtl/U 


gQ- 


-3 


INljrV^ 4/o4 


JbrSa (s,nb,DlJU 


-3 


NGC 4976 


SAO- 


-3 


NGC 4984 


(R)SABa(l,nrl,nb)0° 


-2 


NGC 5273 


SA(s,l)0° 


-2 


NGC 5328 


(L)SAB(nl,bl,nb)0« 




NGC 5377 


(Ri)SABa:(rl,nl,nr)0/a 





NGC 5485 


SA(1)0- 


-3 


NGC 5631 


SA(1)0- 


-3 


NGC 6407 


SAO- 


-3 


NGC 6654 


(R')SBa(s,nb,nl)a 


1 


NGC 7079 


(RL)SBa(s:,nb,bl)0+ 


-1 


NGC 7213 


SA(r,rl,l)0° 


-2 


NGC 7796 


SAO- 


-3 
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Table 5. Ring and lens dimension. 



Galaxy 
(1) 


feature type 
(2) 


major axis radius 
[arcsec] 
(3) 




q 

(4) 




PA 
[degrees] 
(5) 


IC 4214 


Ri 


59.3±0.04 





.590±, 


.001 


179.8± 0.06 


IC 4214 


rl 


28.1±0.04 


0, 


.483±, 


.001 


159.9± 0.05 


IC 4214 


nr 


6.4±0.01 





.674±, 


.001 


156.6± 0.15 


IC 5240 


r 


38.9±0.03 


0, 


.651±, 


.001 


107.0± 0.06 


IC 5267 


1 


44.7±0.10 


0, 


.740±, 


.002 


142. 3± 0.20 


IC 5267 


RL 


78.0±0.05 


0, 


.771±, 


.001 


134.6± 0.07 


IC 5328 


1 


18.5±0.09 


0, 


.817±, 


.005 


41. 0± 0.74 


NGC 0474 


RL 


66.6±0.13 


0, 


.944±, 


.002 


7.6± 1.40 


NGC 0507 


L 


39.4±0.10 





.865±, 


.003 


43.2± 0.57 


NGC 0524 


1 


24.8±0.10 


0, 


.963±, 


.005 


36.4± 3.83 


NGC 0524 


nl 


6.5±0.02 





.962±, 


.004 


41. 7± 2.78 


NGC 0524 


L 


57.1±0.12 





.988±, 


.003 


165.5± 7.48 


NGC 0584 


1 


17.5±0.22 





.583± 


.008 


57.4± 0.56 


NGC 0718 


rs 


19.9±0.11 





.630±, 


.004 


147.1± 0.34 


NGC 0718 


R' 


43.2±0.24 


0, 


.783±, 


.005 


28.0± 0.75 


NGC 0718 


nl 


3.1±0.01 


0, 


.914±, 


.005 


17.5± 1.64 


NGC 0936 


bl 


25.0±0.08 


0, 


.845±, 


.003 


142.2± 0.58 


NGC 0936 


rs 


45.2±0.06 





.786±, 


.001 


129.4± 0.16 


NGC 1022 


r'l 


27.8±0.06 


0, 


.861±, 


.002 


35.3± 0.50 


NGC 1022 


bl 


9.1±0.06 


0, 


.772±, 


.006 


131.2± 0.72 


NGC 1079 


rs 


41.6±0.08 





.560±, 


.001 


86.9± 0.14 


NGC 1079 


bl 


17.5±0.04 





.694±, 


.002 


91.4± 0.26 


NGC 1079 


RL 


111.8±0.11 


0, 


.583±, 


.001 


78.6± 0.06 


NGC 1161 


1 


9.8±0.01 





.577± 


.001 


20. 5± 0.06 


NGC 1201 


bl 


16.8±0.03 





.700± 


.002 


5.9± 0.19 


NGC 1201 


r'l 


32.8±0.06 





.595± 


.001 


12.2± 0.14 


NGC 1302 


rl 


34.0±0.05 


0, 


.968±, 


.002 


65.2± 1.95 


NGC 1317 


nri 


12.3±0.01 





.834±, 


.001 


57.1± 0.15 


NGC 1317 


nr2 


15.2±0.01 





.930±, 


.001 


144. 1± 0.25 


NGC 1317 


nl 


6.7±0.01 





.905± 


.002 


67.5± 0.53 


NGC 1317 


r'l 


58.0±0.03 





.950± 


.001 


81.6± 0.48 


NGC 1326 


nr 


5.7±0.01 





.743±, 


.001 


84.6± 0.15 


NGC 1326 


r 


33.5±0.03 





.807± 


.001 


38. 8± 0.14 


NGC 1326 


R 


84.5±0.03 





.645± 


.000 


83.4± 0.04 


NGC 1326 


bl 


20.2±0.02 


0, 


.830± 


.001 


67.0± 0.21 


NGC 1350 


rs 


65.9±0.06 





.542±, 


.001 


18.9± 0.04 


NGC 1350 


R' 


157.9±0.07 





.501± 


.000 


0.2± 0.03 


NGC 1350 


bl 


32.0±0.07 





.626± 


.002 


9.1± 0.19 


NGC 1371 


1 


92.9±0.11 





.669± 


.001 


128.4± 0.07 


NGC 1371 


RL 


129.8±0.14 





.633± 


.001 


133.3± 0.05 


NGC 1371 


rs 


38.0±0.08 





.696±, 


.002 


121.0± 0.17 


NGC 1387 


nrl 


8.3±0.01 





.986± 


.001 


43. 4± 2.04 


NGC 1389 


1 


18.8±0.02 





.765± 


.001 


11. 2± 0.17 


NGC 1411 


nl 


12.3±0.02 





.784± 


.001 


9.4± 0.23 


NGC 1411 


1 


46.1±0.05 





.670± 


.001 


6.3± 0.10 


NGC 1415 


nr 


5.9±0.03 





.404± 


.002 


150.1± 0.08 


NGC 1415 


r'l 


47.9±0.22 


0, 


.399±, 


.002 


145.1± 0.07 


NGC 1415 


RL 


91.8±0.50 





.508±, 


.003 


145.0± 0.16 
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Galaxy 

(1) 


feature type 

(2) 


major axis radius 

[arcscc] 

(•-!) 




q 

lit 




PA 

[degrees] 
('') 


NGC 


1440 


L 


43.7±0.03 


0, 


,753±, 


.001 


19.9± 0.10 


NGC 


1440 


rs 


24.7it0.07 


0. 


,765±, 


.002 


33.8it 0.32 


NGC 


1440 


bl 


10.0±0.02 


0. 


,804±, 


.002 


48.4± 0.29 


NGG 


1452 


r 


48.7±0.04 


0. 


.596±, 


.001 


109.7± 0.05 


NGC 


1452 


bl 


18.3±0.01 


0. 


,887±, 


.001 


103.2± 0.32 


NGC 


1452 


R' 


76.8±0.14 


0, 


,554±, 


.001 


114.2± 0.09 


NGC 


1512 


nr 


8.3±0.01 


0, 


,784± 


.001 


79.4± 0.15 


NGC 


1512 


rs 


71.0±0.12 


0, 


,820± 


.002 


53.4± 0.28 


NGC 


1512 


bl 


41.3±0.13 


0, 


,626± 


.002 


52. 9± 0.17 


NGC 


1533 


RL 


56.9±0.05 


0, 


,870± 


.001 


134.0± 0.20 


NGC 


1533 


bl 


14.7±0.02 


0. 


,962±, 


.002 


78.9± 1.59 


NGC 


1537 


rl 


7.9±0.02 


0. 


.511±, 


.001 


81. 1± 0.13 


NGC 


1543 


R 


159.9±0.12 


0. 


.942±, 


.001 


2.9± 0.60 


NGC 


1543 


1 


92.7±0.07 


0, 


,753±, 


.001 


100.2± 0.12 


NGC 


1543 


111 


10.7±0.01 


0, 


,955± 


.001 


99. 1± 1.04 


NGC 


1553 


rl 


36.4±0.03 


0, 


,577± 


.001 


150.4± 0.04 


NGC 


1553 


nl 


8.5±0.02 


0, 


,604± 


.002 


153.0± 0.16 


NGC 


1574 


L 


108.7±0.03 


0, 


,979± 


.000 


66. 2± 0.61 


NGC 


1574 


1 


22.1±0.03 


0, 


,991± 


.002 


29. 8± 6.00 


NGC 


1617 


R' 


95.8±0.19 


0, 


.467±, 


.001 


108.9± 0.07 


NGC 


1617 


rs 


60.0±0.34 


0. 


.411±, 


.003 


106.3± 0.20 


NGC 


2196 


1 


23.7±0.07 


0. 


.734±, 


.002 


45.1± 0.24 


NGC 


2217 


R 


96.9±0.07 


0, 


.884±, 


.001 


22.8± 0.22 


NGC 


2217 


rs 


42.6±0.04 


0, 


,898±, 


.001 


127.7± 0.30 


NGC 


2217 


nl 


9.1±0.02 


0, 


,994±, 


.003 


59.4±16.55 


NGC 


2273 


R 


61.4±0.12 


0, 


,528±, 


.001 


56.4± 0.06 






rs 


21.0±0.02 


0, 


,792±, 


.001 


81. 9± 0.14 


NGC 


2273 


bl 


12.4±0.02 


0, 


,878±, 


.002 


71.4± 0.49 


NGC 


2293 


bl 


17.3±0.02 


0. 


,794±, 


.001 


89.6± 0.23 


NGC 


2300 


R'L 


48.3±0.05 


0. 


,898±, 


.001 


65.3± 0.35 


NGC 


2380 


1 


24.7±0.04 


0. 


,964±, 


.002 


98.1± 2.07 


NGC 


2380 


nl 


8.4±0.02 


0. 


.967± 


.004 


85.7± 3.92 


NGC 


2460 


rs 


8.1±0.02 


0. 


.703± 


.002 


11.4± 0.27 


NGC 


2523 


r 


28.9±0.03 


0, 


,763± 


.001 


61. 0± 0.11 


NGC 


2681 


rs 


18.7±0.02 


0, 


,957±, 


.001 


79.8± 0.86 


NGC 


2681 


RL 


77.1±0.05 


0, 


,945±, 


.001 


100. 8± 0.54 


NGC 


2681 


ob 


41.9±0.06 


0, 


,798±, 


.001 


34.1± 0.20 


NGC 


2781 


RL 


87.4±0.17 


0. 


,470±, 


.001 


73.3± 0.07 


NGC 


2781 


rl 


32.7±0.03 


0. 


,468±, 


.000 


78.9± 0.04 


NGC 


2781 


nr 


7.4±0.01 


0. 


.578±, 


.001 


75.5± 0.13 


NGC 


2782 


r 


29.8±0.03 


0. 


.972±, 


.001 


77.9± 1.35 
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q 




PA 








[arcscc] 






[degrees] 


(1) 




(2) 


(•-!) 


lit 




('') 


NGC 


2782 


nr 


5.6±0.01 


0.464± 


.001 


87.7± 0.11 


NOG 


2787 


nrl 


45.5±0.08 


0.531±, 


.001 


104.8± 0.09 


NGG 


2787 


bl 


21.3±0.06 


0.507±, 


.002 


106.3± 0.14 


NGG 


2859 


R 


107.9±0.13 


0.701± 


.001 


83.2± 0.15 


NGG 


2859 


rl 


39.3±0.03 


0.875±, 


.001 


84.8± 0.28 


NGC 


2859 


nl 


6.7±0.01 


0.946± 


.002 


82. 8± 1.52 


NGC 


2859 


bl 


20.6±0.02 


0.974± 


.001 


110.3± 1.56 


NGG 


2880 


r 


13.6±0.05 


0.622± 


.003 


149.0± 0.20 


NGG 


2902 


rl 


13.8±0.02 


0.924±, 


.001 


9.4± 0.70 


NGG 


2950 


1 


35.6±0.09 


0.630±, 


.002 


126. 6± 0.13 


NGG 


2950 


nrl 


5.2±0.02 


0.693±, 


.003 


130.8± 0.28 


NGG 


2983 


L 


51.7±0.04 


0.598±, 


.001 


88.4± 0.06 


NGG 


2983 


bl 


14.4±0.02 


0.747±, 


.002 


89.6± 0.26 


NGG 


3032 


rli 


8.4±0.01 


0.900±, 


.002 


80.5± 0.55 


NGC 


3032 


rl2 


17.0±0.01 


0.886±, 


.001 


101. 3± 0.25 


NGC 


3081 


Rl 


71.5±0.07 


0.813±, 


.001 


128. 2± 0.14 


NGC 


3081 


r 


33.0±0.02 


0.687±, 


.001 


72.5± 0.06 


NGC 


3081 


nr 


e.OitO.Ol 


0.750±, 


.002 


104.4± 0.26 


NGG 


3166 


rl 


29.9±0.03 


0.671±, 


.001 


89.9± 0.13 


NGG 


3166 


nl 


5.9±0.03 


0.504±, 


.003 


87.6± 0.27 


NGG 


3245 


L 


59.2±0.07 


0.514±, 


.001 


177.4± 0.07 


NGG 


3245 


rs 


15.3±0.03 


0.481±, 


.001 


177.8± 0.08 


NGG 


3245 


nl 


6.0±0.01 


0.636± 


.002 


175.6± 0.17 


NGG 


3358 


Rj 


87.7±0.20 


0.486±, 


.001 


139.4± 0.05 


NGG 


3358 


rl 


24.8±0.08 


0.540±, 


.002 


139.5± 0.10 


NGG 


3384 


L 


115.4±0.13 


0.483±, 


.001 


51. 8± 0.03 


NGG 


3384 


1 


19.9±0.02 


0.905±, 


.001 


51. 6± 0.41 


NGG 


3384 


bl 


9.5±0.01 


0.863± 


.001 


49. 9± 0.25 


NGG 


3412 


L 


77.2±0.18 


0.518± 


.001 


147.4± 0.07 


NGG 


3489 


RL 


55.4±0.14 


0.348±, 


.001 


69.2± 0.05 


NGG 


3489 


r 


20.2±0.03 


0.721±, 


.001 


62.8± 0.15 


NGG 


3489 


bl 


11.9±0.08 


0.546±, 


.004 


79.3± 0.37 


NGG 


3516 


R 


29.0±0.03 


0.753± 


.001 


56.9± 0.13 


NGG 


3516 


1 


16.8±0.02 


0.829± 


.001 


25.7± 0.19 


NGG 


3607 


L 


49.4±0.07 


0.962± 


.002 


117.8± 1.52 


NGG 


3626 


R 


44.5±0.04 


0.666± 


.001 


151. 8± 0.07 


NGC 


3626 


rl 


18.6±0.04 


0.610± 


.002 


172. 9± 0.17 


NGG 


3626 


nrl 


4.1±0.02 


0.905±, 


.006 


161. 5± 2.01 
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q 

lit 




PA 

[degrees] 
(■V) 


NGC 


3718 


rs 


88.4±0.11 


0, 


.736±, 


.001 


156. 0± 0.14 


NGC 


3718 


1 


60.8±0.07 





.823±, 


.001 


168.2± 0.27 


NGC 


3718 


nl 


14.6±0.02 





.973±, 


.002 


119.1± 2.14 


NGC 


3729 


r 


38.3±0.13 


0, 


.462±, 


.002 


159.8± 0.12 


NGC 


3892 


L 


83.1±0.04 





.922±, 


.001 


27.8± 0.23 


NGC 


3892 


rs 


37.6±0.04 


0, 


.800±, 


.001 


95.3± 0.22 


NGC 


3900 


r 


32.2±0.03 


0, 


.402±, 


.000 


178. 0± 0.04 


NGC 


3941 


R'L 


44.9±0.07 


0, 


.599± 


.001 


7.3± 0.11 


NGC 


3941 


bl 


18.1±0.07 


0, 


.659± 


.003 


5.5± 0.35 


NGC 


3945 


R 


121.2±0.11 


0, 


.569± 


.001 


160. 0± 0.05 


NGC 


3945 


rl 


46.4±0.05 





.680±, 


.001 


157.3± 0.08 


NGC 


3945 


bl 


25.6±0.02 


0, 


.917±, 


.001 


157.3± 0.42 


NGC 


3945 


nl 


11.5±0.03 


0, 


.555±, 


.002 


156.2± 0.14 


NGC 


3998 


rl 


37.3±0.06 





.826±, 


.002 


125.6± 0.27 


NGC 


4106 


nl 


6.5±0.01 


0, 


.831±, 


.002 


84.2± 0.48 


NGC 


4138 


r 


20.8±0.03 


0, 


.574±, 


.001 


153. 7± 0.07 


NGC 


4143 


L 


63.7±0.13 


0, 


.592±, 


.001 


144.6± 0.09 


NGC 


4143 


R'L 


39.0±0.22 


0, 


.466±, 


.003 


145. 3± 0.13 


NGC 


4143 


bl 


6.2±0.01 


0, 


.771±, 


.002 


145. 0± 0.25 


NGC 


4150 


L 


36.5±0.13 


0, 


.627±, 


.002 


144.3± 0.18 


NGC 


4150 


nl 


3.0±0.02 


0, 


.794±, 


.005 


143.4± 0.72 


NGC 


4203 


1 


20.8±0.08 


0, 


.879±, 


.004 


1.6± 1.26 


NGC 


4203 


L 


70.7±0.08 





.978±, 


.002 


30.5± 2.04 


NGC 


4203 


rl 


33.3±0.04 


0, 


.974±, 


.002 


35.9± 1.89 


NGC 


4203 


R'L 


57.5±0.05 


0, 


.807±, 


.001 


6.7± 0.17 


NGC 


4220 


RL 


85.9±0.75 


0, 


.313±, 


.003 


138.2± 0.06 


NGC 


4220 


r 


33.3±0.51 


0, 


.216±, 


.003 


137.8± 0.05 


NGC 


4245 


RL 


84.3±0.08 


0, 


.772±, 


.001 


0.7± 0.16 


NGC 


4245 


r 


36.9±0.04 


0, 


.749±, 


.001 


152.4± 0.13 




4245 


nr 


4.6±0.01 


0, 


.766±, 


.002 


174.9± 0.28 


NGC 


4245 


bl 


18.7±0.04 


0, 


.775±, 


.002 


154.2± 0.27 


NGC 


4262 


COL 


49.9±0.02 





.861±, 


.000 


133.3± 0.09 


NGC 


4262 


lOL 


29.6±0.02 


0, 


.841±, 


.001 


142.2± 0.12 


NGC 


4262 


nl 


3.7±0.02 





.773±, 


.005 


149.4± 0.72 


NGC 


4262 


bl 


8.5±0.03 





.941± 


.004 


117.3± 2.16 


NGC 


4267 


L 


83.8±0.06 


0, 


.949±, 


.001 


124.1± 0.54 


NGC 


4293 


RL 


124.4±0.14 


0, 


.549±, 


.001 


64.1± 0.05 


NGC 


4314 


R'l 


108.5±0.07 


0, 


.858±, 


.001 


67.5± 0.16 


NGC 


4314 


r'l 


66.4±0.11 


0, 


.786±, 


.002 


159.3± 0.27 


NGC 


4314 


bl 


30.4±0.04 


0, 


.797±, 


.001 


145.9± 0.16 


NGC 


4314 


nr' 


7.1±0.01 





.719±, 


.002 


135.6± 0.16 


NGC 


4339 


1 


16.7±0.03 


0, 


.910±, 


.002 


20.7± 0.86 


NGC 


4339 


r 


27.9±0.04 


0, 


.917±, 


.002 


21.6± 0.64 


NGC 


4340 


r 


65.9±0.05 


0, 


.552±, 


.000 


99.8± 0.04 
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q 
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[arcscc] 






[degrees] 


(1) 




(2) 


(•-!) 


U) 




('') 


NGC 


4340 


bl 


25.6±0.07 


0.579±, 


.002 


104.4± 0.17 


NGC 


4340 


nr 


7.3±0.04 


0.662±, 


.004 


110.7± 0.39 


NGC 


4369 


rs 


9.5±0.02 


0.908± 


.003 


65.7± 0.87 


NGC 


4371 


r 


57.1±0.05 


0.553± 


.001 


91.2± 0.07 


NGC 


4371 


nr 


10.9±0.03 


0.474±, 


.002 


89.1± 0.16 


NGC 


4378 


R' 


90.6±0.04 


0.829± 


.000 


2.5± 0.10 


NGC 


4378 


1 


45.3±0.03 


0.829± 


.001 


159. 4± 0.15 


NGC 


4429 


r 


80.5±0.08 


0.368± 


.000 


96.8± 0.04 


NGC 


4429 


nl 


4.4±0.02 


0.587± 


.003 


91. 2± 0.28 


NGC 


4457 


R 


72.8±0.05 


0.945± 


.001 


101. 7± 0.48 


NGC 


4457 


1 


49.0±0.08 


0.751±, 


.002 


73.9± 0.22 


NGC 


4457 


nl 


4.1±0.01 


0.768± 


.003 


81.3± 0.46 


NGC 


4477 


RL 


62.1±0.02 


0.926± 


.000 


64.3± 0.19 


NGC 


4477 


r? 


39.3±0.03 


0.853±, 


.001 


29.4± 0.20 


NGC 


4503 


bl 


25.3±0.08 


0.423± 


.002 


0.5± 0.13 


NGC 


4531 


rs 


9.7±0.04 


0.642d= 


.003 


133.7± 0.19 


NGC 


4531 


RL 


53.5±0.08 


0.652± 


.001 


152.4± 0.11 


NGC 


4596 


RL 


105.0±0.07 


0.809± 


.001 


128.0± 0.10 


NGC 


4596 


rs 


56.1±0.04 


0.718± 


.001 


97.0± 0.09 


NGC 


4596 


bl 


28.2±0.06 


0.906±, 


.003 


92.0± 0.93 


NGC 


4608 


r 


49.3±0.02 


0.921± 


.001 


101. 7± 0.25 


NGC 


4608 


bl 


26.3±0.04 


0.933± 


.002 


88.0± 1.01 


NGC 


4612 


RL 


76.8±0.09 


0.663± 


.001 


145.1± 0.08 


NGC 


4612 


1 


40.1±0.08 


0.701±, 


.002 


147.6± 0.17 


NGC 


4643 


rs 


51.6±0.05 


0.905±, 


.001 


61. 3± 0.37 


NGC 


4643 


bl 


25.6±0.05 


0.945±, 


.003 


75. 3± 1.55 


NGC 


4643 


nrl 


3.2±0.01 


0.799± 


.004 


39. 2± 0.62 


NGC 


4643 


L 


94.3±0.16 


0.822± 


.002 


50. 9± 0.27 


NGC 


4649 


1 


22.8±0.03 


0.843±, 


.002 


117.4± 0.32 


NGC 


4665 


R'L 


78.2±0.09 


0.891± 


.001 


100.3± 0.42 


NGC 


4754 


L 


127.9±0.32 


0.467±, 


.001 


21.3± 0.09 


NGC 


4754 


bl 


22.1±0.09 


0.756±, 


.003 


37.0± 0.39 


NGC 


4772 


R' 


113.8±0.15 


0.514±, 


.001 


145.2± 0.04 


NGC 


4772 


r 


70.4±0.47 


0.280±, 


.002 


145.8± 0.05 


NGC 


4880 


R' 


60.2±0.05 


0.769d= 


.001 


156.5± 0.12 


NGC 


4984 


R 


94.5±0.15 


0.611± 


.001 


13. 8± 0.12 


NGC 


4984 


1 


49.0±0.06 


0.843± 


.001 


40. 1± 0.22 


NGC 


4984 


nrl 


4.7±0.02 


0.746± 


.004 


33. 4± 0.49 


NGC 


5026 


L 


105.4±0.33 


0.540± 


.002 


64.0± 0.13 


NGC 


5026 


rs 


35.9±0.09 


0.577±, 


.001 


51.6± 0.09 


NGC 


5026 


bl 


18.5±0.06 


0.730± 


.003 


52.9± 0.30 


NGC 


5026 


nl 


3.1±0.02 


0.679± 


.006 


49.0± 0.51 
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NGC 


5101 


OOR 


160.1±0.07 


0. 


.886± 


.000 


148.7± 0.12 


NGC 


5101 


lOR 


104.1±0.10 


0. 


.805±, 


.001 


166.0± 0.18 


NGC 


5101 


rs 


52.1±0.03 


0. 


.823±, 


.001 


115.6± 0.10 


NGG 


5101 


nl 


5.1±0.01 


0. 


.972±, 


.004 


42.0± 3.65 


NGC 


5101 


bl 


30.5±0.07 


0. 


,975±, 


.003 


86.1± 3.64 


NGC 


5121 


RL 


34.2±0.02 


0, 


,830±, 


.001 


23. 8± 0.12 


NGC 


5121 


rl 


11.9±0.02 


0, 


,703± 


.001 


24. 7± 0.12 


NGC 


5333 


RL 


21.9±0.06 


0, 


,556± 


.002 


50. 4± 0.09 


NGC 


5333 


rl 


8.4±0.05 


0, 


,521± 


.003 


43. 5± 0.16 


NGC 


5365 


RL 


93.8±0.07 


0, 


,537± 


.001 


4.5± 0.05 


NGC 


5365 


rs 


32.7±0.04 


0, 


.907±, 


.002 


18.2± 0.56 


NGC 


5365 


nr 


6.1±0.03 


0. 


.460± 


.003 


4.2± 0.23 


NGC 


5377 


Rl 


113.4±0.13 


0. 


.554±, 


.001 


24.0± 0.05 


NGC 


5377 


nl 


4.2±0.03 


0, 


,587±, 


.004 


27.7± 0.31 


NGC 


5377 


rl 


66.6±0.25 


0, 


,388± 


.001 


36. 0± 0.05 


NGC 


5419 


nl 


10.0±0.03 


0, 


,824d=. 


.004 


89. 1± 0.85 


NGC 


5448 


R' 


102.9±0.19 


0, 


,406± 


.001 


113.9± 0.04 


NGC 


5448 


rs 


49.1±0.22 


0, 


,390±, 


.002 


110. 2± 0.11 


NGC 


5448 


nl 


3.6±0.02 


0, 


,554±, 


.003 


117.3± 0.19 


NGC 


5473 


L 


43.6±0.08 


0. 


,755±, 


.002 


151. 7± 0.21 


NGC 


5638 


1 


6.3±0.03 


0. 


.902±, 


.006 


127.5± 1.77 


NGC 


5701 


R' 


100.1±0.11 


0. 


,837±, 


.001 


80.8± 0.26 


NGC 


5701 


rl 


40.6±0.04 


0. 


,866±, 


.001 


171.8± 0.29 


NGC 


5701 


bl 


21.1±0.09 


0, 


,975±, 


.005 


172. 7± 6.15 


NGC 


5728 


Rl 


102.0±0.05 


0, 


,719±, 


.000 


177.9± 0.06 


NGC 


5728 


rs 


54.8±0.12 


0, 


,522±, 


.001 
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Table 6. Bar dimensions: major axis radius (rvis, ^'ell fh, explained in Section 6), orientations (PA) and minor-to-major axis 
ratios (q) of bars. STdev is the estimated standard deviation of rvis and r^u. 
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nb 


156.5* 


2.6 


2.0 




0.3 


0.698 


NGC 5353 


Ba: 


144.5 


20.8 


18.0 




1.4 


0.426 


NGC 5365 


nb 


45.9* 


4.8 


5.7 


10.9 


0.5 


0.685 




Ba 


112.0 


29.1 


26.2 


30.5 


1.5 


0.740 


NGC 5377 


AB^ 


45.2 


65.9 


57.7 


67.5 


6.1 


0.341 


NGC 5448 


AB^ 


94.8 


40.2 


36.5 


42.9 


1.8 


0.311 


NGC 5473 


B 


83.1 


15.6 


13.9 


14.5 


0.8 


0.767 


NGC 5701 


B 


176.9 


38.7 


39.9 


46.6 


0.6 


0.571 


NGC 5728 


nb 


85.2 


4.0 


3.2 


3.7 


0.4 


0.597 




B 


31.4 


52.9 


56.0 


73.1 


1.6 


0.323 


NGC 5750 


ABa 


112.1 


20.0 


21.6 


23.8 


1.9 


0.589 


NGC 5838 


nb 


39.6 


3.5 


3.0 




0.2 


0.75 




AB 


50.7 


12.1 


12.8 


13.4 


0.9 


0.714 


NGC 6012 


B 


154.8 


18.2 


22.9 


41.3 


2.2 


0.386 


NGC 6438 


AB 


171.4 


4.4 


3.2 


7.4 


0.6 


0.711 


NGC 6646 


AB 


51.4 


14.5 


16.5 


22.8 


1.4 


0.675 


NGC 6654 


nb 


135.0* 


4.4 


2.6 


3.6 


0.9 


0.860 




Ba 


12.7 


25.9 


25.6 


33.4 


0.1 


0.465 


NGC 6684 


nb 


60.3 


3.5 


2.9 


4.9 


0.3 


0.689 




AB 


151.4 


24.5 


28.8 


31.8 


2.1 


0.693 


NGC 6782 


nb 


149.3 


4.3 


3.5 


4.1 


0.4 


0.577 




AB 


178.9 


25.11 


26.2 


26.2 


0.5 


0.483 


NGC 7079 


nb 


131.7* 


4.5 


2.4 


3.3 


1.0 


0.827 




Ba 


53.4 


14.9 


14.8 


18.2 


0.0 


0.588 


NGC 7098 


nb 


79.0* 


7.8 


9.2 


10.7 


0.7 


0.684 




ABa 


50.0 


43.2 


42.0 


51.8 


0.6 


0.454 


NGC 7332 


Ba; 




32.4 


30.1 


35.2 


1.2 


0.324 


NGC 7371 


AB 


163.1 


9.5 


9.2 


10.7 


0.2 


0.729 


NGC 7743 


AB 


94.8 


19.0 


21.4 


22.3 


1.2 


0.640 



*Visually estimated. 
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Figure 1. Example of zeropoint calibration based on 2MASS 14" circular aperture magnitude mi4. In the upper row, circular 
and elliptical isophote cumulative magnitudes are shown, while the lower row displays the original image (right) and the cleaned 
image convolved to FWHM=2.5" (left). The circular aperture growth curve is adjusted to go through mi4 at r=7". The dotted 
lines indicate the effect of adjusting the sky background by ± 0.5 times the sky rms-variation, being completely negligible on 
the derived fiQ. The two crosses at the elliptical aperture growth mark the 2MASS k2o and fcexti and their differences from the 
measured curve are indicated. The black and red elliptical curve corresponds to cleaned and original images, illustrating the 
maximum possible effect of star removal. The 2MASS 14 arcsec aperture (white) and the used elliptical isophotes (black) are 
displayed on top of images, (for all galaxies: ^http: / /www. oulu.fi/astronomy/NIRSOS-pub/Kcalibration. html 
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Figure 2. The zcropoints derived based on 2MASS 14" aperture calibration are displayed vs. airmass, for the 14 different 
observing campaigns. The rms scatter for each campaign is indicated. Boxes mark galaxies for which the zeropoint was adopted 
based on fitted campaign values, instead of using 2MASS aperture measurement. 
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Figure 3. Comparison of 2MASS and standard star calibration based zeropoints (fio = —(Kb — fcs))- Tlie tliree curves witli 
different colors indicate linear fits for zeropoint versus airmass, obtained by observing fO standard stars per night. The symbols 
indicate zeropoints derived for the galaxies observed during the same nights, based on 2MASS calibrations. In the left, applying 
2MASS calibration to original images (with typical FWHM ~ 1-2"), there is about 0.04 mag shift between the calibration 
methods. However, after allowing for the poorer seeing of 2MASS images (FWHM = 2.5") the systematic shift is about 0.02 
mag. 
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Figure 4. Example of NIRSOS surface brightness profile for NGC 584. The large figure shows the brightness profile vs isophotal 
radius, obtained with IRAF ellipse routine. Fixed orientation and ellipticity are used: PA=73° .6 and (/=0.675 correspond to 
estimated outer disk orientation. Error bars indicate the uncertainties Sfi returned by ellipse-routine. Before calculating the 
profile, the NIRSOS image was rebinned by a factor of 3, to pixel size 0.86" For comparison, also the profile derived from 2MASS 
Atlas image (pixel size 1"), and Spitzer SINGS survey (pixel size 0.75", 3.6 micron IRACl band) are shown: allowing for the 
3 mag shift between the Kg band and the 3.6m// j4B-system magnitudes, all profiles agree well, except for extending to different 
depths. The inserted figure shows the A/j, vs /i (taking into account the aforementioned difference between 2M ASS/NIRSOS 
and SINGS magnitude systems), illustrating the fs 2-3 mag differences in depth between the images. 
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Figure 5. An example of the atlas images, explained in more detail in the text (for all galaxies: 
|http: / /www.oulu.fi/astronomy/NIRSOS-pub/atlas.html| 
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NGC 43S2 SAO.'a: pec NGC 4472 SAO" 
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NGC4e4 SAQ- NGCi161 SAO" NGC ^SOS" S'AD* NGC 3900 SAO/i 




Figure 6. Examples of stage (SO , S0°, S0+) and family (A, SA, B) in the classification are shown. In this and in the following 
figures the images are sky subtracted and they are shown in a magnitude scale. 




Figure 7. Examples of bars and rings. The left upper panel (NGC 2681) shows an example of a galaxy having three bars. The 

largest bar is manifested as two weak ansae in the direction of 45 degrees counter-clockwise from the North, whereas the main 
bar appears nearly horizontally. The nuclear bar is visible only in the atlas image shown in Fig. 5. 
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Figure 8. An illustration of barlens (bl) in NGC 2983. The left panel shows the original image, and the right panel the residual 
image after subtracting bar+bulge decomposition model taken from Laurikainen et al. 2010). Barlens is the nearly spherical 
lens inside the bar. The two blops (=aiisafi) at the two ends of the bar are real, but the ring-like structure surrounding the bar 
is an artifact due to the fact that the bar model is only an approximation of the true surface brightness distribution of the bar. 




Figure 9. An illustration of barlens (bl) in an Sa-type spiral, NGC 4314; barlens is the large component inside the bar, having 
a nuclear ring inside the barlens. The small panels axe the same as in Figure 5. 
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Figure 10. The scatter jjlot of the optical and the NIR classifications, taken from RC3 and this study, respectively. The size 
of the symbol indicates the number of galaxies represented by the symbol. The dashed line corresponds to T(RC3)=T(2.2 m//) 
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Figure 11. Examples of diflfcrcnt type of lenses. Left panels show the images and right panels the 2D multi-component 
decompositions from Laurikainen et al. (2010), explained in more detail in the text. In the decomposition plots the white dots 
show the data points of the 2-dimensional surface brightness distribution (brightness of each pixel as a function of sky-plane 
radius from the galaxy center), and the black and grey colors show the model components. The uppermost black dots show 
the total model. 
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Figure 12. Two examples in whieh piiotometric classification moves an elliptical galaxy to an SO stage. Both galaxies have 
an exponential outer surface brightness profiles, and also evidence of lenses, manifested as exponential sub-sections in the 
brightness profile. In the decomposition plots the meaning of the dots and lines are the same as in Fig. 10. 
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Figure 13. An illustration of our strategy for measuring the dimensions of the structures; the fitted ellipsoids of the identified 
structures are shown for NGC 1543. Prom outside towards inside the ellipsoids are for: the outer ring (R), the lens and the bar 
(1,B), and the nuclear lens (nl). Also the nuclear bar (nb) is fitted, though it has the same dimension as the nuclear lens (for 
all galaxies: | http: //www.oulu.fi/astronomy/NIRSOS-pub/nirsos_dimensions.html| ). 




b) Sequence: rs -> r.r -> r,rl 





Figure 14. Examples of possible formative sequences of lenses. In Fig. (a) the two lower panels show the inner parts of the 
galaxies NGC 3998 and NGC 4203: in these figures the bulge models obtained from the decompositions are subtracted from 
the original images. 





Figure 15. Examples of multiple lenses, (a) Three barred galaxies are shown; the upper row illustrates the lenses surrounding 
the primary bars, and the lower panels those surrounding the nuclear bars (only the central regions of the galaxies arc shown). 
For NGC 1543 and NGC 6782 the lenses are clear. However, for NGC 3081 the nuclear and inner ring are very prominent 
and the two bars extremely weak, so that no lenses are coded to the classification, (b) Typical examples of multiple lenses in 
non-barred galaxies. 
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Figure 16. Candidates of SOc type galaxies, showing no spiral arms and bulge-to-total flijx ratios as small as typically found for 
Sc-type spirals. For each galaxy are shown the flux-calibrated cleaned image, and the aaimuthally averaged surfax;e brightness 
proflle. The radial scale is in arcsec. 



